Scale effect on heat transfer from town gas flames in horizontal tubes. by Clutterbuck, Ernest Kant.
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T h e r e s u i t s  w e r e  c o r r e l a t e d  b y  a n a l y s i s  o f  v a r i a n c e ,  
a n d  i t  w a s  f o u n d  t h a t  o v e r a l l  h e a t  t r a n s f e r  w a s  d e p e n d e n t  
o n  h e a t  i n p u t ,  t u b e  l e n g t h ,  c/o  E x c e s s  a i r  a n d  t u b e  d i a m e t e r  
o n l y .  L i t t l e  d i f f e r e n c e  w a s  f o u n d  b e t w e e n  a e r a t e d  a n d  
n o n - a e r a t e d  f l a m e s ,  a n d  t h e  r e s u l t s  f o r  t h e s e  t w o  c o u l d  
b e  c o m b i n e d  w i t h  l i t t l e  s a c r i f i c e  o f  a c c u r a c y *
T h e  r  e o o m m e n d e d  e q u a t i o n s  f o r  % o v e r a l l  t h e r m a l  
e f f i c i e n c y  a r e s -
'VJ =  7 2 . 7 7  + 5 9 . 5 3  l o g  L  - 0 . 4 8 6 5  ! •  l o g  E
- 5 . 6 8 3  l o g  E  - 4 5 . 5 1  l o g  R  + 2 2 . 6 2  l o g  D
Sad. == 4»4 > 
o r  w i t h  a  s l i g h t  s a c r i f i c e  o f  a c c u r a c y s -
nrj »  8 3 . 4 7  + 6 7 . 9 9  l o g  1  - 9  + 5 4 0  l o g  E  
- 4 5 . 7 0  l o g  R  + 2 1 . 0 2  l o g  D
s . d *  — 4 . 5
T h e  r e s u l t s  o f  a  p r e v i o u s  w o r k e r  w e r e  i n c o r p o r a t e d  
i n  t h e s e  e q u a t i o n s .
A b s t r a c t  ( C o n t i n u e d )
- I -
1 , I N T R O D U C T I O N
T h e  h e a t i n g  o f  l i q u i d s  b y  m e a n s  o f  a  g a s  f l a m e  i n s i d e  a  
t u b e  ( i . e .  a n  i m m e r s i o n  t u b e )  i s  f i n d i n g  w i d e s p r e a d  a p p l i ­
c a t i o n  i n  i  n d u s  t r y  t o d a y .  U s e  i s  m a d e  o f  s u c h  a  s y s t e m  i n  
t h e  c a s e  o f  g a s  b o i l e r s  ( w h e r e  t h e  t u b e s  a r e  u s u a l l y  v e r t i c a l ) ,  
a n d  i n  t h e  h e a t i n g  o f  m a n y  l i q u i d s  ( w h e r e  t h e  t u b e s  a r e  
u s u a l l y  f i t t e d  h o r i z o n t a l l y  a l o n g  t h e  b o t t o m  o f  a  t a n k ) .  •
I t  h a s  b e e n  e s t i m a t e d  t h a t  i n  E n g l a n d  2 0 %  o f  t h e  g a s  
. c o n s u m e d  i n  i n d u s t r y  i s  a p p l i e d  t o  t h e  h e a t i n g  o f  l i q u i d s .
O f  t h i s #  a  l a r g e  p r o p o r t i o n  i s  b u r n t  i n  g a s  i m m e r s i o n  
a p p l i a n c e s .
B e c a u s e  o f  t h e  i n c r e a s i n g  p o p u l a r i t y  o f  t h i s  t y p e  o f
h e a t i n g #  a t t e m p t s  h a v e  b e e n  m a d e  t o  f i n d  d e s i g n  e q u a t i o n s
w h i c h  w o u l d  e n a b l e  t h e  i m m e r s i o n  h e a t e r  p e r f o r m a n c e  t o t e  p r e d i c t e d .  
T h e
/ e q u a t i o n s  i n  e x i s t e n c e  h a v e  n o t  b e e n  f o u n d  t o  b e  e n t i r e l y  
s a t i s f a c t o r y ,  a n d  t h e  d e s i g n  o f  i m m e r s i o n  t u b e s  i s  s t i l l  
b a s e d  t o  a  l a r g e  e x t e n t  u p o n  a c c u m u l a t e d  e x p e r i e n c e .
xi
^ h i s  s i t u a t i o n  h a s  c a l l e d  f o r  a  m o r e  p r e c i s e  l a b o r a t o r y  
i n v e s t i g a t i o n ,  a n d  t h i s  r e s e a r c h  i s  c o n c e r n e d  w i t h  t h e  
s t u d y  o f  t h e  f a c t o r s  w h i c h  a r e  l i k e l y  t o  a f f e c t  p e r f o r m a n c e ; 
p a r t i c u l a r l y  t h e  i n f l u e n c e  o f  t h e  i m m e r s i o n  t u b e  d i a m e t e r  
a b o u t  w h i c h  t h e  l e a s t  i s  k n o w n .
A  u n i t  s u i t a b l e  f o r  s t e a m  r a i s i n g ,  i n  w h i c h  g a s  m i x e d
w i t h  s l i g h t l y  m o r e  t h a n  t h e  t h e o r e t i c a l  a i r  r e q u i r e d  w a s
1
b u r n t  i n s i d e  a  t u b e ,  w a s  d e v e l o p e d  b y  B o n e  a n d  M ' C o u r t  a t  
L e e d s  i n  1 9 1 0 ,  T h e  t u b e  w a s  3  f t ,  i n  l e n g t h ,  3  i n c h e s  
i n  d i a m e t e r  a n d  p a c k e d  w i t h  g r a n u l a r  r e f r a c t o r y  m a t e r i a l .  
I t  w a s  f o u n d  t h a t  w h e n  a  m i x t u r e  o f  1 0 0  c u ,  f t ,  o f  g a s  
p l u s  5 5 0  c u ,  f t ,  o f  a i r  p e r  h o u r  w a s  i n t r o d u c e d  t h r o u g h  
a  c o n s t r i c t i o n  a t  a  v e l o c i t y  l a r g e  e n o u g h  t o  p r e v e n t  b a c k  
f i r i n g ,  a n  e f f i c i e n c y  o f  8 8 %  w a s  o b t a i n e d .  I t  w a s  f o u n d  
t h a t  7 0 /  o f  t h e  t o t a l  h e a t  t r a n s f e r  o c c u r r e d  o v e r  t h e
f i r s t  f o o t ,  2 2 /  o v e r  t h e  s e c o n d  a n d  8 /  o v e r  t h e  t h i r d .
2
L i n d m a r k  a n d  c o - w o r k e r s  ,  p u b l i s h e d  a  s e r i e s  o f  
p a p e r s  o n  h e a t  t r a n s f e r  t o  a  w a t e r  c o o l e d  v e r t i c a l  t u b e  
c o n t a i n i n g  o i l ,  p u l v e r i s e d  c o a l  a n d  p u l v e r i s e d  p e a t  a n d  
s a w d u s t  f l a m e s .  T h e  t u b e  w a s  8 0 0  m . m .  i n  d i a m e t e r  a n d  
w a s  d i v i d e d  i n t o  w a t e r  j a c k e t e d  s e c t i o n s ,  s o  t h a t  h e a t  
t r a n s f e r  t o  e a c h  s e c t i o n  c o u l d  b e  s t u d i e d  s e p a r a t e l y .
T h e  e f f e o t  o f  a i r  p r e h e a t i n g  o n  t h e  r a d i a t i o n  f r o m  t h e  
f l a m e s  w h i c h  w e r e  i n t r o d u c e d  i n t o  t h e  t o p  o f  t h e  t u b e ,  
w a s  i n v e s t i g a t e d , .  T h e  r a d i a t i o n  h e a t  t r a n s f e r  w a s  
o b t a i n e d  b y  s u b t r a c t i n g  t h e  c a l c u l a t e d  c o n v e c t i o n  t r a n s f e r  
f r o m  t h e - t o t a l .  T h e y  d i s t i n g u i s h e d  b e t w e e n  r a d i a t i o n  
f r o m  t h e  f l a m e  a n d  t h a t  f r o m  t h e  g a s ,  b y  s u b t r a c t i n g  t h e  
c a l c u l a t e d  g a s  r a d i a t i o n .  I n  a l l  e x p e r i m e n t s ,  h e a t  
t r a n s f e r  b y  r a d i a t i o n  w a s  f o u n d  t o  b e  g r e a t e r  t h a n t  h a t  
b y  c o n v e o t i o n .
2, S U R V E Y  OF L I T E R A T U R E.
T h e  A m e r i c a n  G a s  A s s o c i a t i o n ^  c a r r i e d  o u t  a  r e s e a r c h  
p r o g r a m m e  o n  t h e  h e a t  t r a n s f e r  t  o  h o r i z o n t a l  t u b e s  * i n  
w h i c h  n a t u r a l  g a s  ( o . v * = 1 1 2 0 ,  S . G . — 0 * 6 3 )  w a s  b u r n t  w i t h  .
2 0 %  e x c e s s  a i r *  T h e  t u b e  d i a m e t e r s  e m p l o y e d  v a r i e d  f r o m  
| r ,! t o  6 n ,  a n d  l e n g t h s  v a r i e d  f r o m  4*4* f t #  t o  4 5  f t *  F o r  
t h e  l o n g e r  t u b e  l e n g t h s ,  b e n d s  a n d  e l b o w s  w e r e  i n c l u d e d  i n  
t h e  t u b e  s o  t h a t  t h e  a p p a r a t u s  c o u l d  b e  m a d e  s m a l l e r  i n  s i z e *
ti
I n  e x p e r i m e n t s  o n  a  2 J |  d i a *  t u b e ,  i t  w a s  f o u n d  t h a t  a  9 0  
d e g r e e  e l b o w  o r  a  r e t u r n  b e n d  w a s  e q u i v a l e n t  t o  1 * 1  f t .  o f  
s t r a i g h t  p i p e  p l u s  t h e  l e n g t h  o f  t h e  f i t t i n g  a l o n g  i  t s  
c e n t r e  l i n e ,  i n s o f a r  a s  h e a t  t r a n s f e r  w a s  c o n c e r n e d *  T h i s  
c o r r e c t i o n  w a s  a p p l i e d  t o  a l l  t u b e s  ( i r r e s p e c t i v e  o f  
d i a m e t e r )  w h e n  c o n s i d e r i n g  t h e  e f f e c t i v e  t u b e  l e n g t h s *  T h e  
t u b e s  w e r e  i m m e r s e d  i n  b o i l i n g  w a t e r ,  a n d  t h e r m a l  e f f i c ­
i e n c i e s  w e r e  f o u n d  b y  f i n d i n g  t h e  f l u e  l o s s .
I t  w a s  d i s c o v e r e d  t h a t  t h e  t h e r m a l  e f f i c i e n c y  w a s  
d e t e r m i n e d  b y  t h e  t u b e  l e n g t h  a n d  h e a t  i n p u t  o n l y ,  a n d  
t h a t  t h e  d i a m e t e r  h a d  l i t t l e  e f f e o t .  T h e  f  o l l o w i n g  
e m p i r i c a l  e q u a t i o n  w a s  o b t a i n e d  s*-
2
'Vj =  2 0  L o g .  g  +  7 1 .
T h i s  c o v e r s  t h e r m a l  e f f i c i e n c i e s  i n  t h e  r a n g e  6 0 %  -  
8 5 % .  T o  i n v e s t i g a t e  t h e  e f f e o t  o f  d i a m e t e r  f u r t h e r ,  
e x p e r i m e n t s  w e r e  m a d e  o n  t u b e s  o f  e q u a l  l e n g t h ,  a n d  d i a m e t e r s  
v a r y i n g  f r o m  1 ” t o  6 11, u s i n g  a  c o n s t a n t  h e a t  i n p u t  o f  
5 0 , 0 0 0  B . t . u . / h r .  I t ,  w a s  f o u n d  t h a t  t h e  h e a t  t r a n s f e r  
r a t e  i n  B . t . u . / h r / s q .  f t *  d e c r e a s e d  f r o m  2 2 , 0 0 0  f o r  a  1 ,!
t u b e #  t o  3 , 9 5 0  f o r  a  6 n t u b e ,  b u t  t h a t  t h e  B . t o U . / h r . / f t .  
l e n g t h  o f  p i p e  i n c r e a s e d  o n l y  f r o m  6 , 0 5 0  t o  6 , 2 8 0  ( 3 * 8 % )  
b e t w e e n  t h e  s a m e  l i m i t s .
I t  w a s  c o n c l u d e d  t h a t  p i p e  d i a m e t e r  w a s  o n l y  o f  i m p o r ­
t a n c e  i n  t h e  c a s e  o f  a t m o s p h e r i c  b u r n e r s  ( w h e : p e  a  f l u e  i s  
r e q u i r e d  t o  o v e r c o m e  t h e  f r i c t i o n  l o s s  i n  t h e  p i p e ) ,  
b e c a u s e  i t  l i m i t e d  t h e  h e a t  i n p u t .  F o r  a t m o s p h e r i c  
b u r n e r s #  u s i n g  a  v e r t i c a l  f l u e  7 .  f t .  l o n g ,  t h e  ] i e a t  i n p u t
p e r  s q u a r e  i n c h  o f  c r o s s  s e c t i o n a l  t u b e  a r e a  w a s  g i v e n  a s s -
/ 10
R » 5 ,000  / r “
I t  s h o u l d  b e  n o t e d  t h a t  t h i s  f o r m u l a  i m p l i e s  t h a t  t h e r e  
w o u l d  b e  n o  f r i c t i o n  w h e n  L  =  0 ,  a n d  h e n c e  e n t r a n c e  l o s s  i s  
n o t  t a k e n  i n t o  a c c o u n t ,
r^ h e  e  f f e c t  o f  p i p e  b a f f l e s  l o c a t e d  c o n c e n t r i c a l l y  
w i t h i n  t h e  i m m e r s i o n  t u b e s  w a s  a l s o  s t u d i e d .  I t  w a s  
f o u n d  t h a t  t h e  % i n c r e a s e  i n  h e a t  t r a n s f e r  w a s  l e s s  t h a n  
t h e  % i n c r e a s e  i n  p r e s s u r e  d r o p ,  a n d  t h a t  i t  w o u l d  b e  
b e t t e r  t o  u s e  a  l o n g e r  l e n g t h  o f  p i p e  t o  i n c r e a s e  t h e
e f f i c i e n c y .
T
h e  i n f o r m a t i o n  g i v e n  i n  t h i s  p a p e r  i s  s u m m a r i s e d  
b y  A n d e r s o n  a n d  B r o o m e . ^
B u c k  h a s  p u b l i s h e d  d a t a  f o r  d e s i g n i n g  i n d u s t r i a l  
g a s  i m m e r s i o n  a p p l i a n c e s .  T h e  d a t a  i s  s h o w n  i n  t  a b l e s  
w h i c h  w e r e  o b t a i n e d  b y  a v e r a g i n g  a v a i l a b l e  I n f o r m a t i o n .
A l l  t h e  t a b l e s  a p p l y  t o  a  f l u e  h e i g h t  o f  4 8 u a n d  a p p r o x .
2 0 %  e x c e s s  a i r .  F o r  a  n u m b e r  o f  l i q u i d  t e m p e r a t u r e  r a n g e s ,
~4~
r e ­
v a l u e s  o f  h e a t  i n p u t ,  h e a t  o u t p u t ,  t u b e  d i a m e t e r ,  t u b e  
l e n g t h  ( i n c l u d i n g  1  e l b o w )  a n d  f l u e  g a s  t e m p e r a t u r e  a r e  
g i v e n *  F r o m  h i s  t a b l e s  i t  c a n  b e  s e e n  t h a t  f o r  a  g i v e n  
h e a t  i n p u t ,  t h e  t u b e  d i a m e t e r  h a s  a n  e f f e c t  o n  t h e  h e a t  
t r a n s f e r  p e r  u n i t  l e n g t h ,  a n d  t h a t  t b i s  i s  h i g h e r  f o r  a  
l a n r g e r  d i a m e t e r *  H o w e v e r ,  c a l c u l a t i o n s  s h o w  t h a t  t h e  h e a t  
t r a n s f e r  p e r  u n i t  w a l l  a r e a  i s  h i g h e r  f o r  a  s m a l l e r  d i a m e t e r  
t u b e *
H e a t  r a d i a t i o n  f r o m  v a r i o u s  f  l a m e s  b u r n i n g  i n  f r e e  a i r  
i n c l u d i n g  t h o s e  o f  n o n  a e r a t e d  t o w n s  g a s ,  h a s  b e e n  i n v e s t i ­
g a t e d  b y  d e  M a l h e r b e ^ ,  w h o  o b t a i n e d  r a d i a t i o n  e f f i c i e n c i e s  
f o r  b u r n e r  d i a m e t e r s  0 , 0 6 2 u t o  0 . 4 6 9 n w i t h  a  r a n g e  o f  g a s  
r a t e s  o f  2 , 4 0  t o  8 6 * 2  o u .  f t .  p e r  h o u r *  H e  f o u n d  t h a t  
r a d i a t i o n  e f f i c i e n c i e s  i n c r e a s e d  w i t h  i n c r e a s i n g  b u r n e r  
d i a m e t e r ;  a n d  w e r e  h i g h e r  f o r  l a m i n a r  f l a m e s  t h a n  f o r  
t u r b u l e n t  o n e s  f o r  a  g i v e n  b u r n e r  d i a m e t e r ,  a  s h a r p  f a l l  
o c c u r r i n g  w h e n  t h e  f l a m e  a p p e a r e d  t  r a n s i t i o n a l .  T h e  
t r a n s i t i o n  r e g i o n  v a r i e d  t o  s o m e  e x t e n t  w i t h  t h e  b u r n e r  
d i a m e t e r ,  b u t  a s  a  r o u g h  a p p r o x i m a t i o n ,  i t  o c c u r r e d  w h e n  
t h e  R e y n o l d s  N u m b e r  i n  t h e  b u r n e r  w a s  i n  t h e  r e g i o n  o f  
1 , 6 0 0 .
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E v a n s  a n d  S a r j a n t  i n v e s t i g a t e d  t  h e  h e a t  t r a n s f e r  f r o m  
h o t  g a s e s  t o  3 U w a t e r  c o o l e d  t u b e s  p r e c e d e d  b y  a  c a l m i n g  
s e c t i o n .  B o t h  r a d i a t i n g  a n d  n o n - r a d i a t i n g  g a s e s  w e r e  
u s e d .  T h e  r a d i a t i n g  g a s  w a s  p r o d u c e d  b y  b u r n i n g  t o w n s  g a s .  
T h e  r a d i a n t  h e a t  t r a n s f e r  w a s  o b t a i n e d  b y  s u b t r a c t i n g  t h e
h e a t  t r a n s f e r  b y  c o n v e c t i o n  ( o b t a i n e d  f r o m  t h e  n o n - r a d i a t i n g  
g a s )  f r o m  t h e  m e a s u r e d  t o t a l  h e a t  t r a n s f e r ,  C a l c u l a t e d  
a n d  m e a s u r e d  r a d i a t i o n  t r a n s f e r  w e r e  f o u n d  t o  b e  i n  c l o s e  
a g r e e m e n t .  H o w e v e r ,  n o  f l a m e  w a s  a l l o w e d  t o  e n t e r  t h e  
t u b e .
T h e y  a l s o  i n v e s t i g a t e d  t h e  e f f e c t  o f  s u p e r i m p o s i n g  a
d i s t u r b a n c e  o n  t h e  n c a l m e d ” t u r b u l e n t  f l o w  b e f o r e  t h e  g a s e s
e n t e r e d  t h e  t u b e ,  a n d  f o u n d  t h a t  t h e  m e a n  v a l u e  f o r  t h e
c o n v e c t i o n  c o e f f i c i e n t  i n c r e a s e d  b y  2 7 /  f o r  a  5  f t G l o n g
t u b e .  T h e  e f f e o t  o f  t u r b u l e n c e  p r o m o t e r s  w i t h i n  t h e  t u b e
w a s  a l s o  s t u d i e d ,  b u t  i t  w a s  f o u n d  t h a t  f o r  t h e  s a m e  p r e s s u r e
d r o p ,  a n  e m p t y  t u b e  g a v e  t h e  h i g h e s t  m e a n  h e a t  t r a n s f e r
c o e f f i c i e n t ,  w h i c h  s u p p o r t s  t h e  f i n d i n g s  o f  t h e  A m e r i c a n
*5
G a s  A s s o c i a t i o n  .
H e a t  t r a n s f e r  f r o m  a  n o n - a e r a t e d  t o w n  g a s  f l a m e  t o  a  
w a t e r  j a c k e t e d  v e r t i c a l  t u b e  o f  2 ” d i a m e t e r  w a s  s t u d i e d  b y
o
T a i l b y  a n d  S a l e h  .  T h e  t u b e  w a s  d i v i d e d  i n t o  1  f  t .  
l e n g t h s  t o  e n a b l e  t h e  h e a t  t r a n s f e r  p e r  f t .  l e n g t h  t o  b e  
m e a s u r e d .  A t  6 ” i n t e r v a l s  a l o n g  t h e  h e a t i n g  t u b e ,  
s i g h t i n g  t u b e s  w e r e  f i t t e d  i n  l i n e  a n d  r a d i a l l y  t h r o u g h  t h e  
a n n u l a r  s p a c e  f o r m e d  b y  t h e  w a t e r  j a c k e t ,  s o  t h a t  o b s e r ­
v a t i o n s  c o u l d  b e  m a d e  o n  a n d  t h r o u g h  t h e  f l a m e .
T h e y  s t u d i e d  t h e  e f f e c t  o f  t u b e  l e n g t h ,  d i s t a n c e  o f  
g a s  j e t  a n d  j e t  d i a m e t e r .  M e a s u r e m e n t s  o f  f  l a m e
e m i s s i v i t y  a n d  t  e m p e r a t u r e  w e r e  m a d e  b y  t h e  S c h m i d t  
m e t h o d ,  a n d  f r o m  t h e s e ,  r a d i a t i o n  h e a t  t r a n s f e r  w a s
10
c a l c u l a t e d .  T h e  d i f f e r e n c e  b e t w e e n  t h i s  a n d  t h e  t o t a l  
t r a n s f e r  g a v e  t h e  c o n v e c t i o n  t r a n s f e r .
N o  a t t e m p t  w a s  m a d e  t o  c o n t r o l  t h e  a  i r  r a t e ,  b u t  i t  w a s  
d e t e r m i n e d  f o r  e a c h  e x p e r i m e n t  b y  m e a n s  o f  a  f l u e  g a s  
a n a l y s i s .
I t  w a s  f o u n d  t h a t  t h e  d i s t a n c e  s e p a r a t i n g  t h e  j e t  
f r o m  t h e  t u b e  h a d  v e r y  l i t t l e  e f f e c t  o n  t h e  t o t a l  
e f f i c i e n c y ,  a n d  t h a t  t h e  o t h e r  v a r i a b l e s  w e r e  m u c h  m o r e  
i m p o r t a n t .  A  s t a t i s t i c a l  a n a l y s i s  g a v e  t h e  f o l l o w i n g  
e q u a t i o n s -
0> t o t a l  e f f i c i e n c y  »  6 . 6 4 L  +  2 3 P  4* J ( ~ 3 2 8 0 J - 1 3 9 P ~ ! - 1 2 2 9 )
+ 0 . 3 4 - S - 9 2  + 5 . 5 %
T
I n a  p a p e r  b y  B . C .  G u n n '  ,  r e l a t i n g  t o  r e s e a r c h  w o r k  
o n  L a n c a s h i r e  a n d  E c o n o m i c  t y p e  b o i l e r s  c a r r i e d  o u t  b y  
t h e  F u e l  R e s e a r c h  S t a t i o n  a n d  t h e  B r i t i s h  G o a l  U t i l i s a t i o n  
R e s e a r c h  A s s o c i a t i o n ,  h e  q u o t e s  a n  e q u a t i o n  f o r  o v e r a l l  
e f f i c i e n c y  i n  t e r m s  o f  t h e  a v e r a g e  r a t e  o f  h e a t  t r a n s f e r  
i n  B t u / s q .  f t .  o f  h e a t  t r a n s f e r  a r e a  ( L ) ,  a n d  t h e  0o e x c e s s  
a i r  ( E )  o n l y : -
u r\ *  8 6 . 8 - 0 . 0 0 1 3 9 L - 0 . 0 5 3 1 E - 0 . 0 0 0 0 1 4 L E
> • *
• ’ V
H e  s u g g e s t s  t h a t  t h e  l e a s o n  f o r  t h i s  i s  t h a t  m o s t  o f  
h e a t  t r a n s f e r  i n  a  b o i l e r  i s  d u e  t o  r a d i a t i o n  i n  t h e  
c o m b u s t i o n  z o n e ,  a n d  t h a t  h e a t  t r a n s f e r  b y  c o n v e c t i o n  i s
o n l y  o f  s e c o n d a r y  i m p o r t a n c e .
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W a d s w o r t h  i n v e s t i g a t e d  t h e  h e a t  t r a n s f e r  f r o m  t o w n  
g a s  a n d  c a r b o n  m o n o x i d e  f l a m e s  i n  a  w a t e r  j a c k e t e d  v e r t i c a l  
t u b e  i j - ”  d i a m e t e r ,  o v e r  a  l e n g t h  o f  3 6 , ! .  H e  h e l d  h i s  g a s
^ 7 -
r a t e  c o n s t a n t  ( a t  0 . 2 7 8  c u #  f t ,  p o r  m i n .  f o x *  f o w n s  g a s  a n d  
h a l f  t h i s  f o r  c a r b o n  m o n o x i d e )  a n d  s t u d i e d  t h e  e f f e o t  o f  
p r i m a r y  a e r a t i o n * .  S e c o n d a r y  a i r  w a s  n o t  c o n t r o l l e d  a n d  
w a s  a s s u m e d  t o  r e m a i n  n e a r l y  o  o n s t a n t ,  H e a t  r a d i a t i o n  w a s  
m e a s u r e d  b y  m e a n s  o f  a  b o l o m e t e r ,  a n d  t e m p e r a t u r e s  b y  
m e a n s  o f  a  r e s i s t a n c e  t h e r m o m e t e r  o f  q u a r t s  c o a t e d  p l a t i n u m  
w i r e  u s i n g  a  r a d i a t i o n  c o r r e c t i o n .  l o t a l  h e a t  t r a n s f e r  
w a s  m e a s u r e d  b y  m e a n s  o f  t h e  w a t e r  f l o w i n g  i n  t h e  j a c k e t *
H e  f o u n d  t h a t  a e r a t i o n  h a d  l i t t l e  e f f e o t  o n  t h e  o v e r a l l
h e a t  t r a n s f e r  o v e r  t h e  3 6 11 l e n g t h ,  t h o u g h  i t  d i d  a f f e c t  t h e
h e a t  t r a n s f e r  d i s t r i b u t i o n ®  H i s  r a d i a t i o n  m e a s u r e m e n t s
l e d  h i m  t o  t h e  c o n c l u s i o n  t h a t  a b o u t  h a l f  o f  t h e  t o t a l  h e a t
t r a n s f e r  i s  d u e  t o  r a d i a t i o n .  T h e  l o w  p r o p o r t i o n  o f
c o n v e c t i v e  h e a t  t r a n s f e r  w a s  a t t r i b u t e d  t o  t h e  e x i s t e n c e
o f  l a m i n a r  f l o w  oa  n d i t i o n s  i n  n e a r l y  a l l  h i s  e x p e r i m e n t s .
H e  d i s c o v e r e d  t h a t  t h e f l a m e  t e m p e r a t u r e  h a d  n o  e f f e o t  o n
t h e  r a d i a t i o n ,  a n d  e s t i m a t e d  t h a t  o f  t h e  t o t a l  r a d i a t i o n ,
c h e m i l u m i n e s c e n c e  a c c o u n t e d  f o r  a b o u t  o  n e  h a l f  i n  t h e  c a s e
o f  t o w n  g a s  f l a m e s  a n d  a b o u t  t w o  t h i r d s  i n  t h e  c a s e  o f
c a r b o n  m o n o x i d e  f l a m e s .  H e  a l s o  f o u n d  t h a t  t h e  c o n v e c t i v e
c o m p o n e n t  o f  h e a t  t r a n s f e r  i n  t h e  o a s e  o f  c a r b o n  m o n o x i d e
f l a m e s  w a s  a b i i o r m a l l y  h i g h ,  a n d  s u g g e s t e d  t h a t  t  h i s  m a y
b e  d u e  t o  d e a c t i v a t i o n  o f  c e r t a i n  a t o m s ,  r a d i c a l s  a n d
m o l e c u l e s  o n  t h e  s u r f a c e  o f  t h e  f l a m e  t u b e ,
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H a m m a k e r  a n d  H a m p e l  s t u d i e d  h e a t  t r a n s f e r  f r o m  s m a l l  
d i a m e t e r  t u b e s  c o n t a i n i n g  g a s  f l a r a e s ,  w h i o h  i n c l u d e d  a  
l u d i a m e t e r  t u b e ,  1 3 *  9 ” l o n g ,  s u r r o u n d e d  b y  w a t e r .  T h e y
e m p i r i c a l  e q u a t i o n  p u b l i s h e d  b y  t h e  A m e r i c a n  G a s  A s s o c i a t i o n  
p r e v i o u s l y .  H o w e v e r ,  t h e i r  e x p e r i m e n t s  s h o w e d  a  s l i g h t  
i n c r e a s e  i n  e f f i c i e n c y  w i t h  i n c r e a s i n g  h e a t  i n p u t  w h i c h  d o e s  
n o t  a g r e e  w i t h  t h e  p r e v i o u s  A . G . A ,  e q u a t i o n .  E f f i c i e n c i e s  
w e r e  o b t a i n e d  b y  t h e  f l u e  l o s s  m e t h o d #  b u t  w h e n  t h e s e  a r e  
c a l c u l a t e d  f r o m  t h e  h e a t  g i v e n  t o  t h e  w a t e r #  t h e  a g r e e m e n t  
i s  u n s a t i s f a c t o r y .
1^ 5
T a i l b y  a n d  A s h t o n  # a n a l y s e d  t h e  r e s u l t s  p r e v i o u s l y
Q
o b t a i n e d  b y  T a i l b y  a n d  S a l e h  i n  t e r m s  o f  h e a t  i n p u t  ( B ) ,
o m i t t i n g  t h e  v a r i a b l e s  P  a n d  J  w h i c h  d e t e r m i n e  t h e  h e a t
i n p u t #  a n d  o b t a i n e d  t h e  f o i l o w i n g  e q u a t i o n s ~
% T o t a l  t h e r m a l  e f f i c i e n c y  «  6 . 5  +  6 9  l o g . L ,  s . d .  =• 3 * 1 *
T h u s  n e i t h e r  t h e  j e t  d i s t a n c e  f r o m  t h e  t u b e #  n o r  t h e
h e a t  i n p u t  w e r e  o f  a n y  s i g n i f i c a n c e .  H o w e v e r #  t h e y
p o i n t e d  o u t  t h a t  a n  i n c r e a s e  i n  g a s  r a t e  w o u l d  c a u s e  a
d e c r e a s e  i n  e f f i c i e n c y  a t  c o n s t a n t  e x c e s s  a i r s  i t  w o u l d
a l s o  c a u s e  a  d e c r e a s e  i n  e x c e s s  a i r  u n d e r  c o n d i t i o n s  o f
n a t u r a l  e n t r a i n m e n t  w h i c h  w o u l d  t e n d  t o  i n c r e a s e  t h e
e f f i c i e n c y .  T h e y  s t a t e d  t h a t  t h e  c o m b i n a t i o n  o f  t h e s e
t w o  o p p o s i n g  e f f e c t s  r e s u l t e d  i n  t h e  i n s i g n i f i c a n c e  o f
1 3
h e a t  i n p u t  i n  t h e  a b o v e  e q u a t i o n .  T a i l b y  a n d  A s h t o n  
i n v e s t i g a t e d  t h e  h e a t  t r a n s f e r  f r o m  t o w n s  g a s  f l a m e s  i n s i d e  
a  3 " h o r i z o n t a l  w a t e r  j a c k e t e d  t u b e  t e r m i n a t i n g  i n  a  v e r t i c a l  
f l u e .  B o t h  a e r a t e d  a n d  n o n - a e r a t e d  f  l a m e s  w e r e  u s e d .
T h e  p r i m a r y  v a r i a b l e s  s t u d i e d  w e r e s -
- 9 -
f o u n d  t h a t  t h e i r  r e s u l t s  w e r e  i n  f a i r  a g r e e m e n t  w i t h  t h e
3
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A e r a t e d  F l a m e s N o n - a e r a t e d  F l a m e s
P r i m a r y  a i r  t o  g a s  r a t i o
P r i m a r y  a i r  a n d  g a s  
m i x t u r e  v e l o c i t y
B u r n e r  d i a m e t e r
% E x c e s s  A i r
■ ^ u b e  l e n g t h
P r e s s u r e  b e h i n d  g a s  j e t  
D i a m e t e r  o f  g a s  j e t
°/o E x c e s s  A i r  
T u b e  l e n g t h
T h e  w a t e r  j a c k e t e d  t u b e  w a s  d i v i d e d  i n t o  s e c t i o n s  t o  
f a c i l i t a t e  t h e  i n c l u s i o n  o f  t u b e  l e n g t h  a s  a  v a r i a b l e .  
S i g h t i n g  t u b e s  w e r e  f i t t e d  a t  6 " i n t e r v a l s  ( a s  i n  t h e  o a s e  
o f  S a l e h ’ s  a p p a r a t u s ) ,  t h r o u g h  w h i c h  m e a s u r e m e n t s  w e r e  m a d e  
b y  m e a n s  o f  a  t o t a l  r a d i a t i o n  p y r o m e t e r  t o  e n a b l e  a n  
e s t i m a t e  o f  t h e  r a d i a t i o n  h e a t  t r a n s f e r  t o  b e  m a d e .
R e g r e s s i o n  e q u a t i o n s  w e r e  o b t a i n e d  f o r  c o n v e c t i o n ,  
r a d i a t i o n  a n d  t o t a l  e f f i c i e n c e s  f o r  b o t h  t y p e s  o f  f l a m e .
I t  w a s  f o u n d  t h a t  f o r  b o t h  t y p e s  o f  f l a m e ,  t h e  m o s t  
i m p o r t a n t  v a r i a b l e s ,  i n s o f a r  a s  t o t a l  e f f i c i e n c y  w a s  
c o n c e r n e d ,  w e r e  l e n g t h ,  h e a t  i n p u t  a n d  e x c e s s  a i r .  I t  
w a s  c o n c l u d e d  t h a t  t h e  t y p e  a n d  d i m e n s i o n s  o f  t h e  b u r n e r ,  
a n d  t h e  f l a m e  r e s u l t i n g  f r o m  i t s  u s e ,  h a v e  n e g l i g i b l e  
e f f e c t  o n  t h e  t o t a l  e f f i c i e n c y .  C o m b i n i n g  t h e  r e s u l t s  
f o r  t h e  t w o  t y p e s  o f  f l a m e ,  t h e  f o l l o w i n g  e q u a t i o n  w a s  
o b t a i n e d .
% E f f i c i e n c y  — 1 5 8  +  4 9  L o g . L w L o g  R  -  9 8  L o g  R  -  0 . 1  E
s . d ,  =  2 . 5
o f  w h i c h  t h e  f  o l l o w i n g  i  s  a  s i m p l e r  f o r m s -
0o E f f i c i e n c y  — 8 8  -  5 2  L o g . R  +  7 3  L o g . !  -  0 . 1 0 '  E
s  a d «  — 2 . 8
F o r  r a d i a t i o n  a n d  c o n v e c t i o n  e f f i c i e n c i e s ,  t h e  f o l l o w i n g  
e q u a t i o n s  w e r  e  o b  t a i n e d  2 ~
A e r a t e d  F l a m e s  s -
0o R a d i a t i o n  E f f i c i e n c y  — 1 5  l o g . R  +  & k  -  2 1 ,  s . d ®  »  1 . 3
0o C o n v e c t i o n  E f f i c i e n c y  =  1 0 3  -  4 0  L o g . R .
N o n - A e r a t e d  F l a m e s s -
0o R a d i a t i o n  E f f i c i e n c y  =  7 4  -  2 4  l o g .  f t  -  0 . 0 7 5  E ,
s . d .  «  3 - 3 *
0o C o n v e c t i o n  E f f i c i e n c y  — 2 4  
O v e r  t h e  r a n g e  i n v e s t i g a t e d ,  r a d i a t i o n  e f f i c i e n c i e s  
w e r e  f o u n d  t o  b e  h i g h e r  f o r  n o n - a e r a t e d  f l a m e s  t h a n  a e r a t e d  
o n e s .  C o n v e c t i o n  e  f f i c i e n o i e s  w e r e  f o u n d  t o  b e  g r e a t e r  
f o r  a e r a t e d  f l a m e s ,  a n d  t h i s  w a s  a t t r i b u t e d  t o  t h e  h i g h e r  
f l a m e  t e m p e r a t u r e s  w h i c h  r e s u l t e d  i n  h i g h e r  m e a n  t e m p e r a t u r e  
d i f f e r e n t i a l s .
R e g r e s s i o n  e q u a t i o n s  w e r e  a l s o  o b t a i n e d  f o r  t h e  l e n g t h  
o f  v i s i b l e  f l a m e ,  a n d  f l u e  h e i g h t  r e q u i r e d  ^  p r o d u c e  t h e  
n e c e s s a r y  d r a u g h t y
T a i l b y  a n d  B e r k o v i t c h 1 ^  i n v e s t i g a t e d  t h e  e f f e c t  o f  
a p p l y i n g  s o n i c  v i b r a t i o n s  t o  t h e  g a s  s t r a i n  i n  t h e  b u r n e r ,  
u s i n g  t h e  v e r t i c a l  t u b e  o f  S a l e h .  I t  w a s  f o u n d  t h a t  t h e  
a p p l i c a t i o n  o f  s o u n d . c o u l d  a l m o s t  d o u b l e  t h e  t o t a l  e f f i c i e n c y  
i n  t h e  b o t t o m  1 6 ” o f  t h e  t u b e ,  b u t  i n  t h e  r e g i o n  a b o v e  a b o u t  
2 0 ” t h e r e  w a s  a  d e c r e a s e ,  w i t h  t h e  r e s u l t  t h a t  o v e r  t h e  
w h o l e  tu b ©  o f  5  f t . ,  t h e  a p p l i c a t i o n  o f  s o u n d  m a d e  l i t t l e  
d i f f e r e n c e .
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P a t r i c k  a n d  T h o r n t o n 1 ^ c a r r i e d  o u t  a  s u r v e y  o f  6 3  
g a s  i m m e r s i o n  t u b e  h e a t e d  s y s t e m s  w h i c h  w e r e  w o r k i n g  u n d e r  
i n d u s t r i a l  c o n d i t i o n s .  T h e y  o b t a i n e d  o v e r a l l  t h e r m a l  
e f f i c i e n c i e s  f r o m  t h e .  g a s  r a t e  a n d  t h e  f l u e  l o s s .  T h e  f l u e  
l o s s  w a s  o b t a i n e d  b y  m e a s u r i n g  t h e  f l u e  g a s  t e m p e r a t u r e  b y  
m e a n s  o f  a  s u c t i o n  p  y r o m e t e r ,  a n d  c a l c u l a t i n g  t h e  t o t a l  f l u e  
g a s  r a t e  f r o m  a  f l u e  g a s  a n a l y s i s  a n d  t h e  g a s  i * a t e  ( t h e  
p r o d u c t s  o b t a i n e d  b y  b u r n i n g  a  k n o w n  q u a n t i t y  o f  g a s  b e i n g  
k n o w n ) .
3?h e  i n d u s t r i a l  i n s t a l l a t i o n s  i n c l u d e d  i m m e r s i o n  t u b e  
d i a m e t e r s  o f  3 U t o  6 %  a n d  t h e  r e g r e s s i o n  e q u a t i o n s  w h i c h  
t h e y  o b t a i n e d  i n c l u d e d  d i a m e t e r  a s  a  v a r i a b l e .
T h e  f l a m e s  u s e d  w e r e  a l l  o  f  t h e  p r e - a e r a t e d  t y p e .
^ h e  d e g r e e  o f  a e r a t i o n ,  d i a m e t e r  o f  b u r n e r ,  a n d  m i x t u r e  
v e l o c i t y  w e r e  n o t  d e t e r m i n e d  a n d  i n c l u d e d  a s  v a r i a b l e s .
^ h i s  w a s  j u s t i f i a b l e ,  a s  p r e v i o u s  w o r k  h a d  i n d i c a t e d  t h a t  
t h e s e  w e r e  o f  l i t t l e  I m p o r t a n c e .
T h e  f o l l o w i n g  e q u a t i o n s  w e r e  o b t a i n e d  a u  t h e  1 0 %  
p r o b a b i l i t y  l e v e l s -  
n*j =: 7 2 . 4  ~  0 . 0 0 7 6  E  -  3 . 0 6  D  +  0 . 6 1 1  L ,  s . d .  =  7  + 7
L 0 . 1 3 8 6
7  = 69*04 bo„o247 d 0 .1914  s "d* = 
m  =  8 0 . 9  -  2 8 , 3  e x p .  ( - 0 . 2 4  j ]  )  s . d .  =  7 . 5
I t  s h o u l d  b e  n o t e d  t h a t  i  n  a l l  o a s e s  t h e  h e a t  i n p u t  
t e r m  w a s  f o u n d  t o  b e  i n s i g n i f i c a n t .  T h i s  w a s  a l s o  f o u n d  
t o  b e  t h e  c a s e  w  h e n  A s h t o n  a n a l y s e d  S a l e h *  s  r e s u l t s  i n  t e r m s
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o f  h e a t  i n p u t .  I t  w a s  p o i n t e d  o u t  t h a t  t h e  e x p l a n a t i o n  
o f  t h i s  i n  S a l e h ' s  e a s e  w o u l d  a l s o  a p p l y  t o  t h e  s u r v e y .
I h e  r e a s o n  w h y  T a i l b y  a n d  A s h t o n  f o u n d  h e a t  i n p u t  s i g n i f i ­
c a n t #  w a s  b e c a u s e  e x c e s s  a i r  w a s  m a d e  a n  i n d e p e n d e n t  
v a r i a b l e #  w h i c h  w o u l d  b e  e q u i v a l e n t  t o  a  v a r i a b l e  f l u e  
h e i g h t .
^ l u e  h e i g h t s  w e r e  m e a s u r e d  a n d  c o m p a r e d  w i t h  a n
a p p r o x i m a t e  f l u e  d e s i g n  f o r m u l a  b a s e d  o n  t h e  w o r k  o f  B e n n e t t
a n d  P u r k i s #  a s s u m i n g  t h a t  o n e  v e l o c i t y  h e a d  w a s  l o s t  a t  
e n t r y  t o #  a t  t h e  e x i t  f r o m #  a n d  a t  e a c h  b e n d  i n  t h e  t u b e #  
p l u s  t h e  u s u a l  f r i c t i o n  l o s s s -
K  M 3  !P a 3  C p 3  
z  =  1 . 2 2 7  x  1 0 " '  A 2  Q s
Q s  — f l u e  l o s s  -  l a t e n t  h e a t  l o s s
M — m a s s  f l o w  r a t e  ( i b / h v )
T a  =  a b s o l u t e  a m b i e n t  t e m p  C ^ )
O p  -  s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e
A  =  a r e a
Z =  f l u e  h e i g h t  ( f t . )
K  =  N o .  o f  v e l o c i t y  h e a d s  l o s t  i n  t h e  s y s t e m
I t  w a s  f o u n d  t h a t  t h e  c a l c u l a t e d  v a l u e s  w e r e  f o u n d  t o
b e  a p p r o x i m a t e l y  o n e  t e n t h  o f  t  h e  a c t u a l  v a l u e s .
I n  t h e  p r e s e n t a t i o n #  d i s c u s s i o n  a n d  r e p l y  t o  t h i s  
p a p e r #  W . J .  B e n n e t t  s u g g e s t s  t h e  f o l l o w i n g ' f o r m u l a  a s  a n  
i m p r o v e m e n t s -  ( s e e  n e x t  p a g e )
- 1 3 -
KR2 a  .2
0 . 0 4 3  p T "  ( 1  +  0 . 0 0 8 6  E )  ( l  +  0 . 0 0 8 2  E  ~  , f g f
8 9 . 5
w h e r e  e  =  e f f i c i e n c y  a t  t h e  b a s e  o f  t h e  v e r t i c a l  s e c t i o n .
U s i n g  t h i s  f o r m u l a ,  a  m u c h  b e t t e r  a g r e e m e n t  w a s  
o b t a i n e d  b e t w e e n  t h e  m e a s u r e d  a n d  t h e  c a l c u l a t e d  r e s u l t s ,  
t h o u g h  t h e  t e n d e n c y  w a s  s t i l l  t o  u n d e r e s t i m a t e *
P a t r i c k  a n d  T h o r n t o n 1 ^ a t t e m p t e d  a  t h e o r e t i c a l  
a n a l y s i s  o f  g a s  i m m e r s i o n  h e a t i n g ,  a n d  a f t e r  h a v i n g  m a d e  
s o m e  s i m p l i f y i n g  a s s u m p t i o n s  ( w h i o h  w e r e  n e c e s s a r y  a s  a  
r e s u l t  o f  t h e  c o m p l e x i t y  o f  t h e  s y s t e m ) ,  o b t a i n e d  t h e  
f o l l o w i n g  e q u a t i o n s -
" I =  a '  ( 1  -  K B )  I ' 1  ~  e x p  ( ~ 2 f  L  ) ]** JJ
w h e r e  a ! a n d  b  a r e  c o n s t a n t s  £ L  -  l e n g t h  i n  f t . s  D- =* 
d i a m e t e r  o f  t u b e  i n  f t * ;  3 3 = * %  e x c e s s  a i r $  f  -  f r i c t i o n  f a c t o r  
I t  w a s  h q p e d  t h a t  i n  t h e  s t a t i s t i c a l  a n a l y s i s  o f  t h e  
s u r v e y ,  t h e  e x p o n e n t i a l  f o r m  o f  e q u a t i o n  w  o u I d  g i v e  t h e  
c l o s e s t  a g r e e m e n t  a n d  c o n f i r m  t h e  a b o v e  r e l a t i o n s h i p *
H o w e v e r ,  i t  c a n  b e  s e e n  t h a t  t h e r e  i s  l i t t l e  t o  o h o o s e  
b e t w e e n  t h e  t h r e e  t y p e s  o f  e q u a t i o n  u s e d *
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T h i s  l i t e r a t u r e  s  u r v e y  s h o w s  t h a t  t w o  r e s e a r c h  
p r o j e c t s  h a v e  b e e n  c o n c e r n e d  w i t h  t h e  e f f e c t  o f  t h e  
d i a m e t e r  o f  a  t u b e  ( a m o n g s t  o t h e r  f a o t o r s ) ,  o n  t h e  h e a t  
t r a n s f e r  f r o m  a  g a s  f l a m e  b u r n i n g  i n s i d e  i t #  T h e  
A m e r i c a n  G a s  A s s o c i a t i o n ^  c o n c l u d e d  t h a t  t h e  d i a m e t e r  d i d
n o t  a f f e c t  t h e  e f f i c i e n c y , w  h i c h  w a s  d e t e r m i n e d  b y  l e n g t h
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a n d  h e a t  i n p u t  o n l y *  P a t r i c k  a n d  T h o r n t o n  ,  h o w e v e r ,  
f o u n d  t h a t  t h e  d i a m e t e r  w a s  o f  i m p o r t a n c e ,  b u t  t h a t  t h e  
e f f i c i e n c y  w a s  n o t  a f f e c t e d  b y  t h e  h e a t  i n p u t *  T h i s  
l a t t e r  w a s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  e x c e s s  a i r  w a s  n o t  
c o n t r o l l e d ,  a n d  t h a t  a  r e d u c t i o n  i n  t h e  g a s  r a t e  w a s  
a c c o m p a n i e d  b y  a n  i n c r e a s e  i n  e x c e s s  a i r *  I n  n e i t h e r  
c a s e  w e r e  t h e  c o n d i t i o n s  i n  t h e  b u r n e r  t a k e n  i n t o  a c c o u n t ;  
h o w e v e r ,  A s h t o n ’ s  w o r k  s h o w e d  t h a t  t h e s e  w e r e  o f  l i t t l e  
i m p o r t a n c e *  N e v e r t h e l e s s  i n  A s h t o n ’ s  c a s e ,  s o m e  o f  t h e  
b u r n e r  c o n d i t i o n s  w e r e  v a r i e d  o n l y  a  s m a l l  a m o u n t ,  a n d  t  h i s  
m a y  b e  t h e  r  e a s o n  f o r  h i s  f i n d i n g s .
^ h e  s u r v e y  o f  P a t r i c k  a n d  T h o r n t o n  c o v e r s  a  r a n g e  o f  
e f f i o i e n o i e s  f r o m  5 0 . 5 %  t o  7 9 . 2 %  w h i c h  c o v e r s  t h e  m a j o r i t y  
o f  i n d u s t r i a l  a p p l i a a n o e s ,  a n d  t h e  e q u a t i o n s  w h i c h  w e r e  
c a l c u l a t e d ,  a r e  d e s i g n  e q u a t i o n s  f o r  g a s  i m m e r s i o n  t u b e s  
t e r m i n a t i n g  i n  a  f l u e  o f  e q u a l  d i a m e t e r  t o  t h a t  o f  t h e  
t u b e *  H o w e v e r ,  s u c h  a  s m a l l  r a n g e  i s  c l e a r l y  n o t  e n o u g h  
w h e n  t r y i n g  t o  d i s c o v e r  a l l  t h e  f a c t o r s  w h i c h  a f f e c t  
t h e  e f f i c i e n c y *  T h e  w o r k  o f  A s h t o n  h a s  g i v e n  u s e f u l  
i n f o r m a t i o n  f o r  a  3 ” t u b e ,  a n d  t h e  r a n g e  o f  e f f i o i e n o i e s  
a r e  s o m e w h a t  g r e a t e r  t h a n  t h o s e  i n v e s t i g a t e d  
b y  P a t r i c k  a n d  T h o r n t o n *
T h e  f o l l o w i n g  p o i n t s  w i t h  r e g a l ’d  t o  f u r t h e r  r e s e a r c h  
a r e  t h e r e f o r e  i n d i c a t e d s -
1 .  F u r t h e r  r e s e a r c h  i s  r e q u i r e d  u n d e r  l a b o r a t o r y  c o n d ­
i t i o n s  w h i o h ,  b e c a u s e  o f  e a s i e r  c o n t r o l  a n d  m e a s u r e m e n t
o f  v a r i a b l e s #  a r e  c a p a b l e  o f  p r o d u c i n g  m o r e  p r e c i s e  r e s u l t s .
2 .  T h e  r a n g e  o f  v a r i a b l e s  s h o u l d  b e  m a d e  a s  w i d e  a s  p o s s i ­
b l e  i n  o r d e r  t h a t  t  h e i r  e f f e o t  s h o u l d  b e  m a d e  m o r e  a p p a r e n t *
3 .  C o n d i t i o n s  i n  t h e  b u r n e r  s h o u l d  b e  i n c l u d e d  a s  v a r i a b l e s #  
b e c a u s e  n o t  o n l y  w i l l  t h e i r  e f f e c t  b e  m a d e  a p p a r e n t #  b u t  
b e c a u s e  t h e i r  v a r i a t i o n  i s  a  I s o  a  c o n v e n i e n t  w a y  o f  v a r y i n g  
t h e  h e a t  i n p u t .
4 *  E x p e r i m e n t s  s h o u l d  b e  m a d e  u s i n g  m o r e  t h a n  o n e  t u b e  
d i a m e t e r  i n  o r d e r  t o  f i n d  w h e t h e r ,  i n  f a c t #  t h i s  d o e s  h a v e  
a n  e f f e c t *
5 .  E x c e s s  a i r  s  h o u l d  b e  i n d e p e n d e n t l y  c o n t r o l l e d  s o  t h a t  
t h e  r e s u l t s  w i l l  a p p l y  t o  a n y  f l u e  s y s t e m . ,
6 ,  T h e  w o r k  s h o u l d  b e  a r r a n g e d  s o  t h a t  t h e  r e s u l t s  o f  
A s h t o n ' s  w o r k  o n  a  3 "  t u b e  c a n  b e  i n c o r p o r a t e d *
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I N D E P E N D E N T  V A R I A B L E S  I N V E S T I G A T E D
T A B L E  5 ( a ) .  A E R A T E D E L A M E S
!
’ VARIABLE 2 . 0 0 ” D i a .  T u b e 4 # 1 6 "  D i a . T u b e
L e v e l s V a l u e  s L e v e l s V a l u e s
B u r n e r  d i a m e t e r 2
0 . 5 7 8 "
0 . 7 8 1 "
2
1 . 3 4 "
0 * 7 8 1 "
P r i m a r y  
A i r / G a s  r a t i o 2
1 . 5
2 . 7
2
1 . 5
2 . 7
M i x t u r e  v e l o c i t y  
i n  b u r n e r 2
1 0  & 3 0  
f t . / s e c .
2
2 0  &  3 0  
f t . / s e c .
0o E x c e s s  A i r 3
2 0
6 0
1 0 0
3
2 0
6 0
1 0 0  !
H e a t i n g  t u b e  
l e n g t h 3
2 . 0 4 1 . 
5 * 0 5 f 
8 . 0 5 *
3
i
3 . 0 0 f 
9 . 0 0 '  
1 5 • 0 4 1
T A B L E  3  ( t e )  N  O N - A E R A T E D  P  L A M E S
............. . ........ **■....................
V A R I A B L E .
2 . 0 0 "  D i a . T u b e 4 . 1 6 "  D i a . T u b e
L e v e l s V a l u e s L e v e l s V a l u e s
0 . 1 0 / + 0 0 . 3 9 0 6 "
J e t  d i a m e t e r 3 0 ! H U 0 3 0 . 2 9 6 9 "
0 , 1 9 9 0 0 . 1 4 4 0 "
P r e s s u r e o
1 "  WG
9
1 "  WG
b e h i n d  j e t
d .
2 . 5 "  WG
c .
2 . 5 "  WG
- 2 0 2 0
% E x c e s s  A i r 3 6 0 3 6 0
1 0 0 1 0 0
H e a t i n g  t u b e  
l e n g t h 3
i
2 . 0 4 ’ 
5 . 0 5 *  
8 . 0 5 1
3
3 . 0 0 *  
9 . 0 0 '  
1 5 . 0 4 1
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3® E!XP ERIMENTAIi PROGRAMME-PI m mmmamm — -s jn o jtaeamrtm vmb*.«nt
’ «v <UV ’ n i l? -  * i i  -.**.% : "  v**  v * • **
T h e  e f f e c t  o f  a  1 1 1 1 1 1 1 1 3 e r  o f  v a r i a b l e s  o n  h e a t  t r a n s f e r
f r o m  t o w n  g a s  f l a m e s  t o  h o r i z o n t a l  w a t e r  j a c k e t e d  t u b e s  
w a s  i n v e s t i g a t e d *  N o n - a e r a t e d  a n d  p r e - a e r a t e d  f l a m e s  
i n s i d e  2 * 0 0 "  a n d  4 . 1 6  u i n t e r n a l  d i a m e t e r  t u b e s  w e r e  
s t u d i e d *  T h e  v a r i a b l e s ,  v a l u e s  a n d  n u m b e r  o f  l e v e l s  
i n v e s t i g a t e d  a r e  s h o w n  i n  t a b l e  3 ( a )  a n d  3 ( b ) *
I n  t h e  c a s e  o f  a e r a t e d  f l a m e s ,  t h e  b u r n e r  d i a m e t e r ,  
p r i m a r y  a i r / g a s  x * a t i o  a n d  m i x t u r e  v e l o c i t y  d e t e r m i n e  t h e  
g a s  x ^ a t e ,  ( i . e .  h e a t  i n p u t ) *  T h e  s t a t e d  v a l u e s  w e r e  
c h o s e n  i n  o r d e r  t o  g i v e  a  w i d e  r a n g e  o f  h e a t  i n p u t s ,  w h i l e  
c o v e r i n g  v a l u e s  l i k e l y  t o  b e  e n c o u n t e r e d  i n  i n d u s t r i a l  
a p p l i a n c e s .
S h i s  a l s o  a p p l i e s  t o  j e t  d i a m e t e r  a n d  p r e s s u r e  b e h i n d  
t h e  j e t ,  w h i c h  d e t e x x n i n e  t h e  g a s  r a t e  i n  t h e  c a s e  o f  n o n ­
a e r a t e d  f l a m e s .  G a s  a p p l i a n c e s  a r e  u s u a l l y  d e s i g n e d  s o
t h a t  t h e y  w i l l  w o r k  w i t h  a  m a x i m u m  g a s  p r e s s u r e  o f  2 . 5 fl 
W . G .  b e f o r e  t h e  f i r s t  c o n t r o l .
T h e  m i n i m u m  v a l u e  o f  2 0 %  e x c e s s  a i r  w a s  c h o s e n  
b e c a u s e  i t  w a s  c o n s i d e r e d  t h a t  b e l o w  t h i s  t h e r e  w a s  a  
l i k e l i h o o d  o f  i n c o m p l e t e  c o m b u s t i o n .  ^ h e  m a x i m u m  v a l u e  
o f  1 0 0 %  w a s  t a k e n  a  s  t h a t  a b o v e  w h i o h  i t  w o u l d  b e  u n e c o n ­
o m i c a l  t o  o p e r e a t e  a  h e a t i n g  a p p l i a n c e *
H e a t  t r a n s f e r r e d  t o  v a r i o u s  h e a t i n g  t u b e  l e n g t h s  
w a s  o b t a i n e d  b y  d i v i d i n g  t h e  t u b e  i n t o  s e c t i o n s  w h i c h  c o u l d  
b e  s t u d i e d  s e p a r a t e l y .  ^ h e  v a l u e s  s t a t e d  w e r e  o h o s e n  t o
O R D E R  OF BE? B R I M E M ' S
T A B U S  5 ( o )  2" D I A .  T U B E  A E R A T E D  B L A M E S
E x p  e  r i m e n t  H  o  u fa  f e e  e s s  A i r
1 2 0
2 1 0 0
9 6 0
4 2 0
5 2 0
6 2 0
7 2 0
8 6 0
9 1 0 0
3 . 0 . 2 0
1 1 1 0 0
1 2 6 0
1 5 1 0 0
1 4 1 0 0
1 5 6 0
1 6 2 0
1 7 6 0
1 8 6 0
1 9 6 0
2 0 1 0 0
2 1 2 0
2 2 1 0 0
2 3 1 0 0
2 4 6 0
i i y G - u i s B u r n e r  . 'O ia o  
( i n s o )
UA. U U..A W t
V e l o c i t y  ? r 
f t /  s e e * .
1 * 5 ~ d o 5 ' [ B “BCD
2 * 7 0 * 7 8 1 3 0
1 . 5 0 * 5 7 8 1 0
1 * 5 0 . 7 8 1 3 0
2 . 7 0 . 7 8 1 3 0
3— 5 0 . 7 8 1 1 0
2 * 7 0 . 7 8 1 1 0
2 * 7 0 * 5 7 8 1 0
1 . 5 0 . 5 7 8 1 0
2 * 7 0 . 5 7 8 3 0
1 . 5 0 . 7 8 1 . 1 0
2 * 7 0 . 5 7 8 3 0
2 . 7 0 . 5 7 8 3 l0
2 o 7 0 . 5 7 8 3 0
1 . 5 0 . 5 7 8 3 0
1 * 5 0 . 5 7 8 3 0
2 * 7 0 . 7 8 1 3 0
1 . 5 0 . 7 8 1 1 0
2 . 7 0 . 7 8 1 . 1 0
1 . 5 0 . 5 7 8 3 0
2 . 7 0 . 5 7 8 . 1 0
0 . 7 8 1 3 0
2 . 7 0 . 7 8 1 1 0
1 . 5 0 . 7 8 1 3 0i
c o v e r  a  l a r g e  r a n g e  i n c l u d i n g  a l l  v a l u e s  l i k e l y  t o  b e  
e n c o u n t e r e d  i n  i n d u s t r i a l  i m m e r s i o n  b e a t i n g  a p p l i a n c e s #
I n  t h e  s t u d y  o f  t h e  f l a m e  t u b e  s y s t e m s  d e s c r i b e d  a b o v e ,  
t h e  f  o l l o w i n g  m e a s u r e m e n t s  w e r e  m a d e «
1 *  T o t a l  h e a t  t r a n s f e r  t o  t h e  t u b e s  f o r  t h r e e  l e n g t h s .  
2 #  R a d i a n t  h e a t  t r a n s f e r  t o  t h e  t u b e s  f o r  t h r e e  
l e n g t h s #
3 a T e m p e r a t u r e  o f  t h e  g a s e s  i n  t h e  t u b e  a t  v a r i o u s  
p o i n t s #
P r e s s u r e  d r o p  b e t w e e n  t h e  e n t r a n c e  t o  t h e  t u b e  
a n d  t o  t h r e e  p o i n t s  a l o n g  i t s  l e n g t h #
5 #  A n  e s t i m a t e  o f  t h e  f l a m e  l e n g t h ,
6 #  8 o m e  g a s  a n d  a i r  p r o p e r t i e s  ( S e e  s e c t i o n  7 ) .  
B e o a u s e  o f  t h e  c o m p l e x i t y  o f  t h e  s y s t e m ,  i t  w a s  
d e c i d e d  t o  c o r r e l a t e  t h e  r e s u l t s  b y  m e a n s  o f  a n a l y s i s  o f  
v a r i a n c e  u s i n g  a  f a c t o r i a l  p l a n #
T h e  t o t a l  n u m b e r  o f  e x p e r i m e n t s  i n  a  f a c t o r i a l  p l a n  
d e p e n d s  u p o n  t h e  n u m b e r  o f  v a r i a b l e s  a n d  t h e  n u m b e r  o f  
l e v e l s  t a k e n  f o r  e a c h  v a r i a b l e .  T h e  e x p e r i m e n t s  w e r e  
d i v i d e d  i n t o  f o u r  s e r i e s ,  t w o  s e r i e s  f o r  e a c h  d i a m e t e r ,  
a n d  t w o  f o r  e a c h  t y p e  o f  f l a m e .  T h e  n u m b e r  o f  e x p e r i m e n t s  
i n  e a c h  s e r i e s  i s  e q u a l  t o  t h e  n u m b e r  o f  p o s s i b l e  c o m b i n ­
a t i o n s  o f  t h e  v a l u e s  c h o s e n  f o r  t h e  v a r i a b l e s * ,  T h u s  
f o r  a e r a t e d  f l a m e s ,  t h e  n u m b e r  o f  e x p e r i m e n t s  i n  t h e  s e r i e s  
f o r  e a c h  t u b e  d i a m e t e r  w a s  e q u a l  t o  2 x 2 : g 2 x 3  -  2 4 «  - ^ o r  
n o n - a e r a t e d  f l a m e s ,  t h e  n u m b e r  o f  e x p e r i m e n t s  f o r  e a c h  
t u b e  d i a m e t e r  w a s  e q u a l  t o  3 ^ 2 x 3  ~  V a l u e s  f o r  t h e
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O R D E R  Off E X P E R T  M E W L  S
T A B L E  5 ( d )  2 ” D I A .  T U B E  D O l - A E R A T E D  F L A M E S
E x p e r i m e n t  N o * % E x c e s s  a i r J e t  D i a m e t e r  
( i n s . )
P r e s s u r e  b e h i n d  
j e t  ( " Y Y . G * )
2 5 1 0 0 0 . 1 9 9 1 . 0
2 6 6 0 0 . 1 4 4 1 . 0
2 7 2 0 0 * 1 4 4 2 . 5
2 6 1 0 0 0 . 1 9 9 2 . 5
2 9 1 0 0 0 . 1 0 4 2 . 5
3 0 2 0 0 . 1 9 9 2 . 5
3 1 2 0 0 . 1 4 4 1 . 0
3 2 1 0 0 0 . 1 0 4 1 . 0
3 3 6 0 0 . 1 0 4 1 . 0
3 4 6 0 0 * 1 9 9 1 . 0
3 5 1 0 0 0 . 1 4 4 1 . 0
. 3 6 2 0 0 . 1 9 9 1 . 0
3 7 6 0 0 . 1 4 4 2 . 5
3 8 6 0 0 . 1 9 9 2 . 5
3 9 6 0 0 . 1 0 4 2 . 5
4 0 2 0 0 . 1 0 4 1 . 0
4 1 2 0 0 . 1 0 4 2 . 5
4 2 1 0 0 i 0 . 1 4 4 2 . 5
t h r e e  l e v e l s  o f  l e n g t h ,  w e r e  o b t a i n e d  f r o m  o n e  e x p e r i m e n t ,  
b e c a u s e  t h e  t u b e  w a s  d i v i d e d  i n t o  s e p a r a t e  w a t e r  j a c k e t e d  
s e c t i o n s #
E x p e r i m e n t s  i n  e a c h  s e r i e s  w e r e  r a n d o m i z e d ,  s o  t h a t  
g r a d u a l  v a r i a t i o n  o f  e x t e r n a l  f a c t o r s  ( e . g *  s c a l e  f o r m a t i o n  
i n  t h e  t u b e ,  c h a n g e  o f  c a l i b r a t i o n  o f  m e a s u r i n g  d e v i c e s ,  
e t c # )  w o u l d  n o t  b e  s u p e r i m p o s e d  u p o n  t h e  e f f e o t  o f  t h e  
v a r i a b l e s  s t u d i e d *  T h e  o r d e r  o f  e x p e r i m e n t s  i s  s h o w n  i n  
t a b l e s  3 ( c ) ,  3 ( d ) ,  3 ( e )  a n d  3 ( f ) .
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O B P E R  OF E X P E R I M E N T S
T A B L E  3 ( g )  4» D I A .  T U B E  A E R A T E D  F L A M E S
E x p e r i m e n t  N o # 0o E x c e s s  A i r A i r / G a s
B u r n e r
D i a .
( i n s . )
1 M i x t u r e  
V e l o c i t y  
f t / s e c .
4 3 2 0 l o 5 1 . 3 4 1 0
4 4 1 0 0 2 « 7 0 . 7 8 1 3 0
4 5 6 0 1 . 5 1 * 3 4 1 0
4 6 2 0 1 . 5 0 . 7 8 1 3 0
4 7 2 0 2 . 7 0 . 7 8 1 3 °
4 8 2 0 1 . 5 0 . 7 8 1 1 0
4 9 2 0 2 . 7 0 . 7 8 1 1 0
5 0 6 0 2 . 7 1 . 3 4 1 0
5 1 1 0 0 1 . 5 1 . 3 4 1 0
5 2 2 0 2 . 7 1 . 3 4 3 0
5 3 1 0 0 1 * 5 0 . 7 8 1 1 0
5 4 6 0 2 . 7 1 . 3 4 3 0
5 5 1 0 0 2 . 7 1 . 3 4 1 0
5 6 1 0 0 2 . 7 1 . 3 4 3 0
,  5 7 6 0 1 . 5 1 . 3 4 3 0
5 8 2 0 1 . 5 1 . 3 4 3 0
5 9 6 0 2 . 7 0 . 7 8 1 3 0
6 0 6 0 1 . 5 0 . 7 8 1 1 0
6 1 6 0 2 . 7 0 o 7 8 1 1 0
6 2 1 0 0 1 . 5 1 . 3 4 3 0
6 3 2 0 2 . 7 1 . 3 4 1 0
6 4 1 0 0 1 . 5 0 . 7 8 1 3 0
6 5 1 0 0 2 . 7 0 . 7 8 1 . 1 0
6 6 6 0 1 . 5 0 . 7 8 1 3 0 i
A l t h o u g h  c o r r e l a t i o n  o f  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  
r e s e a r c h ,  i s  b y  a n  e m p i r i c a l  m e t h o d ,  t h e  t h e o r e t i c a l  b a c k ­
g r o u n d  t o  t h e  s u b j e c t  i s  n e v e r t h e l e s s  g i v e n  h e r e ,  a s  i t  w i l l  
h e l p  t o  s h o w  w h y  e m p i r i c a l  c o r r e l a t i o n  i s  n e c e s s a r y  a t  t h i s  
s t a g e *  T h i s  w i l l  b e  f o l l o w e d  b y  s o m e  t h e o r e t i c a l  a s p e c t s  
o f  t h e  m e a s u r e m e n t s  m a d e ®
T h e  t o t a l  h e a t  t r a n s f e r  f r o m  a  f l a m e  i n s i d e  a  t u b e  i s  
t h e  s u m  o f  t h a t  d u e  t o  c o n v e c t i o n ,  a n d  r a d i a t i o n *
4 . 1  H e a t  T r a n s f e r  b y  C o n v e c t i o n
H e a t ,  t r a n s f e r  b y  c o n v e c t i o n  i s  o b t a i n e d  f r o m  t h e  
f o l l o w i n g  e q u a t i o n s -
Q s= U o A *  A  t m *
4 . 1  J o  T h e  O v e r a l l  H e a t  T r a n s f e r  C o e f f i c i e n t
W h e n  h e a t  i s  t r a n s f e r r e d  t h r o u g h  a  s o l i d  w a l l ,  t h e  
t h e r m a l  r e s i s t a n c e  i s  m a d e  u p  o f  t h a t  o f  t h e  w a l l ,  p l u s  
t h a t  o f  e a c h  o f  t h e  f l u i d  f i l m s  o n  e i t h e r  s i d e .  T h e
r e c i p r o c a l  o f  t h e  t o t a l  r e s i s t a n c e  i s  t h e  o v e r a l l  h e a t
t r a n s f e r  c o e f f i c i e n t *  I n  t h e  c a s e  o f  a  w a t e r  j a c k e t e d  
f l a m e  t u b e  w h e r e  t h e  g a s  v e l o c i t y  i s  l o w  ( a s  i n  t h i s  c a s e ) ,  
t h e  t h e r m a l  r e s i s t a n c e  o f  t h e  t u b e  w a l l  a n d  t h e  w a t e r  f i l m  
i s  o n l y  o f  t h e  o r d e r  o f  % o f  t h a t  o f  t h e  g a s  f i l m ,  a n d  
t h e r e f o r e  t h e  g a s  f i l m  h e a t  t r a n s f e r  oo  e f f i c i e n t  m a y  b e  
t a k e n  a s  t h e  o v e r a l  c o e f f i c i e n t *
M a n y  f o r m u l a e  h a v e  b e e n  s u g g e s t e d  f o r  c a l c u l a t i o n  o f
4. T H E OR E T I C A L  C O N S I D E R A T I O N S
O R D E R  O E  E X P E R I M E N T S
T A B  E E  3 ( f )  4 "  D I A .  T U B E  N O W - A E R A T E D  B L A M E S
• N M W - "  ' 8 I »     M i i m r i i r e * * * !  >•     m m h u  • fM M ia a to n .fT i
E x p e r i m e n t  N o . fo E x c e s s  A i r J e t  D i a m e t e r  
( i n s « )
P r e s s u r e  “b e h i n d  
j e t  ( " W . G . )
6 7 1 0 0 0 * 3 9 0 6 2 . 5
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6 9 2 0 0 * 2 9 6 9 1 . 0
7 0 1 0 0 0 , 3 9 0 6 1 . 0
7 1 1 0 0 0 . 1 4 4 0 1 . 0
7 2 2 0 0 . 3 9 0 6 1 . 0
7 3 2 0 0 . 2 9 6 9 2 . 5
7 4 1 0 0 0 . 1 4 4 0 2 . 5
7 5 6 0 0 . 1 4 4 0 2 . 5
7 6 6 0 0 . 3 9 0 6 2 . 5
7 7 1 0 0 0 . 2 9 6 9 2 . 5
7 8 2 0 0 . 3 9 0 6 2 . 5
7 9 6 0 0 . 2 9 6 9 l o 0
8 0 6 0 0 . 3 9 0 6 1 . 0
8 1 6 0 0 . 1 4 4 0 1 . 0
8 2 2 0 0 . 1 4 4 0 2 . 5
8 3 2 0 0 . 1 4 4 0 1 . 0
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f i l m  c o e f f i c i e n t s  f o r  f l u i d  f l o w  i n s i d e  t u b e s ,  o f  w h i c h ,  o n e  
o f  t h e  b e s t  k n o w n  i s  t h e  D i t t u s - B o e l t e r  e q u a t i o n  f o r  t u r b u l e n t  
f l o w s -
M o s t  o f  t h e  f o r m u l a e  a r e  q u o t e d  i  n  t h i s  f o r m * ,  T h i s  
p a r t i c u l a r  o n e  a p p l i e s  t o  R e y n o l d s  N u m b e r s  o v e r  1 0 , 0 0 0 ,
T h e  N u s s e l t  N u m b e r  s t i l l  v a r i e s  w i t h  R e y n o l d s  N u m b e r ,  b u t
n o t  t o  s u c h  a  g r e a t  e x t e n t *  I n  t h e  c a s e  o f  h o r i z o n t a l
t u b e s ,  f r e e  c o n v e c t i o n  w i t h i n  t h e  t u b e  w i l l  o c c u r ,  a n d  w i l l
b e  p a r t i c u l a r l y  i m p o r t a n t  w h e n  t e m p e r a t u r e  d i f f e r e n c e s  a r e
l a r g e *  U n d e r  t h e s e  c i r c u m s t a n c e s  t h e  G r a s h o f  N u m b e r  w i l l
1 R
b e  o f  i m p o r t a n c e ,  a n d  K e r n  a n d  O t h r n e r  s u g g e s t  t h e  
f o l l o w i n g  c o r r e c t i o n  f a c t o r  t o  t h e  S i e d e r  a n d  T a t e  l a m i n a r  
f l o w  e q u a t i o n  w h e n  l a r g e  t e m p e r a t u r e  d i f f e r e n c e s  e x i s t s -
N u  =  0 . 0 2 3  R e  0 0 8  P r  ° * 4 .
T
•p r a t i o s  l a r g e r  t h a n  6 0  a n d  f o r  m o d e r a t e  t e m p e r a t u r e
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d i f f e r e n c e s ,  a n d  g i v e s  a n  a v e r a g e  d e v i a t i o n  o f  + 2 0 % ,
1 7
T h e  f o l l o w i n g  t w o  e q u a t i o n s  a r e  d u e  t o  S i e d e r  a n d  T a t e  
a n d  w e r e  o b t a i n e d  f o r  a  n u m b e r  o f  l i q u i d s ; -
v 0 . 1 4  
\
f o r  t u r b u l e n t  f l o w ,  a n d ;
f o r  s t r e a m l i n e  f l o w .
__ T
F o r  s t r e a m l i n e  f l o w ,  t h e  «p r a t i o  b e c o m e s  i m p o r t a n t .
„  . 2 . 2 5  [ 1  +  0 . 1 0  ( G r ) 1 ' 3 !
O o r r e o t x o n  F a c t o r  — — — — — —
l o g  R e
I n  t h e i r  w o r k  o n  o i l s  i n  h o r i z o n t a l  t u b e s ,  K e r n  a n d  
O t h m e r  f o u n d  t h a t  f r e e  c o n v e c t i o n  g a v e  r i s e  t o  f i l m  c o e f ­
f i c i e n t s  f r o m  1 0 0 %  t o  3 8 0 %  l a r g e r  t h a n  w o u l d  b e  e x p e c t e d  
f r o m  t h e  S i e d e r  a n d  T a t e  e q u a t i o n .
A l t h o u g h  t h e  s t r e a m l i n e  e q u a t i o n  w a s  o b t a i n e d  f o r  
l i q u i d s ,  i t  i s  p r o b a b l e  t h a t  i t  w o u l d  a  I s o  p r o v e  s a t i s ­
f a c t o r y  f o r  g a s e s .
I n  t h e  t r a n s i t i o n  r a n g e  ( R e  =  2 , 1 0 0  t o -  1 0 0 , 0 0 0 ) ,  m u c h  
l e s s  i n f o r m a t i o n  i s  a v a i l a b l e t  b a n  f o r  t h e  o t h e r  t y p e s  o f
f l o w *  A s  R e y n o l d s  N u m b e r  i n c r e a s e s ,  i t s  i n d e x  i n c r e a s e s ,
I i
a n d  t h e  e f f e c t  o f  f r e e  c o n v e c t i o n  a n d  t h e  jy  r a t i o  d e c r e a s e #  
T h e  m o s t  s a t i s f a c t o r y  m e t h o d  o f  d e a l i n g  w i t h  t h e  t r a n s i t i o n  
r e g i o n ,  i s  p r o b a b l y  b y  u s e  o f  t h e  j ^  f a c t o r  c h a r t s ,  w h i c h  
w a s  t h e  b a s i s  o f  t  h e  c o r r e l a t i o n  b y  S i e d e r  a n d  T a t e ,  a n d  
i s  d e s c r i b e d  b y  K e r n "  ^  a n d  o t h e r s #
I n  t h e  c a s e  o f  g a s  i m m e r s i o n  t u b e  a p p l i a n c e s ,  t h e  
c o r r e l a t i o n  a n d  c a l c u l a t i o n  o f  f i l m  c o e f f i c i e n t s  a r e  
d i f f i c u l t  f o r  t h e  f o l l o w i n g  r e a s o n s * -
1 *  I m m e r s i o n  t u b e  a p p l i a n c e s  n o r m a l l y  o p e r a t e  i n  t h e  
t r a n s i t i o n !  l o w  r a n g e  o r  j u s t  b e l o w  i t ,  w h e r e  h e a t  t r a n s f e r  
d a t a  i s  u n r e l i a b l e 0
2 0 T h e  h e a t  t r a n s f e r  e q u a t i o n s  a r e  o b t a i n e d  f r o m  
e x p e r i m e n t s  w h e r e  f l u i d s  a r e  h e a t e d  a n d  c o o l e d ,  a n d  w h e r e  
t e m p e r a t u r e  d i s t r i b u t i o n  a c r o s s  t h e  t u . b e  s e c t i o n  i s
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g o v e r n e d  b y  b e a t  t r a n s f e r  a l o n e ,  a n d  c a n  b e  p r e d i o t e d  .
I n  a  g a s  i m m e r s i o n  t u b e ,  t h e  f u e l  g a s  i s  i n j e c t e d  i n t o  
t h e  c e n t r e  o f  t h e  t u . b e  a n d  c o l d  a i r  e n t e r s  a r o u n d  i t *
T h u s  t h e  g a s  t o u c h i n g  t h e  w a l l  t e n d s  t o  b e  a b n o r m a l l y  c o l d ,  
p a r t i c u l a r l y  n e a r  t h e  e n t r a n c e  t o  t h e  t u b e ,  a n d  v e r y  l i t t l e  
c o n v e c t i o n  t r a s n f e r  o c c u r s  t h e r e  a l t h o u g h  t i e  m e a n  b u l k  
t e m p e r a t u r e  m a y  b e  q u i t e  h i g h *  T h i s  w a s  c o n f i r m e d  b y  
e x p e r i m e n t *  I t  w a s  a l s o  n o t e d  d u r i n g  e x p e r i m e n t s ,  i f e t  d u e  t o  
t h e  e f f e c t  o f  b u o y a n c y ,  t h e  f l a m e  r o s e  t o  t h e  t o p  o f  t h e  t u b e ,  
p a r t i c u l a r l y  a t  t h e  l o w e r  a i r  a n d  g a s  r a t e s ,  a x d  t h a t  a n  
u n e q u a l i .  v e r t i c a l  t e m p e r a t u r e  d i s t r i b u t i o n  w a s  u s u a l l y  
m a i n t a i n e d  a l o n g  t h e  w h o l e  l e n g t h *  I n  m a n y  o a s e s ,  t h e  
g a s e s  i n  t h e  b o t t o m  o f  t h e  t u b e  r e m a i n e d  a t  n e a r  a t m o s p h e r i c  
t e m p e r a t u r e s  f o r  s e v e r a l  f e e t ,  t h o u g h  t h e  e f f e o t  o f  t h i s  m a y  
h a v e  b e e n  c a n c e l l e d  b y  a b n o r m a l l y  h i g h  t e m p e r a t u r e s  a t  t h e  
t o p  o f  t h e  t u b e *  T h u s  t h e  m e a n  h e a t  t r a n s f e r  c o e f f i c i e n t  
d e p e n d s  a l s o  o n  t h e  v a r i o u s  f l a m e  p r o p e r t i e s ,  a n d  t h e  a m o u n t  o f  
s e c o n d a r y  a i r  i n t r o d u c e d  i n t o  t h e  t u b e *
3 #  C o m p l e t e  m i x i n g  o f  a i r  a n d  g m a  1 b  n o t  o b t a i n e d  
u n t i l  s o m e  d i s t a n c e  a f t e r  t h e  f l a m e ,  m a k i n g  i t  n e c e s s a r y  
t o  f i n d  a  m e t h o d  o f  c o r r e c t i n g  f o r  h e a t  t r a n s f e r  f r o m  a  
n o n - h o m o g e n e o u s  f l u i d ,  w h e r e  p r o p e r t i e s  n o t  o n l y  v a r y  
b e c a u s e  o f  v a r y i n g  t e m p e r a t u r e ,  b u t  a l s o  b e c a u s e  o f  v a r y i n g  
c o m p o s i t i o n *
4 *  F r o m  t h e  h e a t  t r a n s f e r  e q u a t i o n s ,  i t  c a n  b e  s e e n  
t h a t  i n  a l l  t y p e s  o f  f l o w ,  t h e  R e y n o l d s  N u m b e r  ( o r  t u r b u l e n c e )
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p l a y s  a n  i m p o r t a n t  p a r t  i n  h e a t  t r a n s f e r .  N o r m a l l y  t h e  
t u r b u l e n c e  i s  d e t e r m i n e d  b y  t h e  d i m e n s i o n s - o f  t h e  t u b e  a n d  
t h e  g a s  p r o p e r t i e s ,  b u t  i n  a n  i m m e r s i o n  t u b e ,  t u r b u l e n c e  i s  
i n c r e a s e d  b y  t h e  i n j e c t i o n  o f  t h e  g a s  a n d  b y  i t s  s u d d e n  
e x p a n s i o n  a s  i t  b u r n s .  T h i s  i n c r e a s e d  t u r b u l e n c e  w i l l  
h a v e  a. c o n s i d e r a b l e  e f f e c t  o n  t h e  h e a t  t r a n s f e r  ( a s  h a s  
b e e n  s h o w n  b y  E v a n s  a n d  S a r j a n t f ) ,  a n d  t h e  e f f e c t i v e  R e  
w i l l  a l s o  d e p e n d  u p o n  t h e  c o n d i t i o n s  i n  t h e  b u r n e r  a n d  
d e g r e e  o f  a e r a t i o n .
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W h e n  h e a t  i s  t r a n s f e r r e d  f r o m  o n e  f l u i d  t o  a n o t h e r  
a c r o s s ,  f o r  e x a m p l e ,  a  t u b e  w a l l ,  t h e  o v e r a l l  t  e m p e r a t u r e  
d i f f e r e n c e  r e p r e s e n t s  t h e  d r i v i n g  f o r c e .  H o w e v e r ,  w h e n  n o  
c h a n g e  o f  p h a s e  o c c u r s  i n  o n e  o r  b o t h  o f  t h e  f l u i d s ,  t h e  
t e m p e r a t u r e  d i f f e r e n c e  w i l l  d e c r e a s e  a s  h e a t  t r a n s f e r  
p r o c e e d s *  T h e  t e m p e r a t u r e  d i f f e r e n c e  w h i c h  r e p r e s e n t s  
t h e  e f f e c t i v e  d r i v i n g  f o r c e  o v e r  t h e  w h o l e  t u b e ,  i s  t h e  
l o g  m e a n  t e m p e r a t u r e  d i f f e r e n c e ,  w h i c h  i s  d e f i n e d  b y s -
A  t l  -  ,£  t 2
A  t m  =■ A t l
I n  ^
“ h i s  e q u a t i o n  i s  d e r i v e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  
o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  a n d  t h e  s p e c i f i c  h e a t s  o f  
t h e  f l u i d s  r e m a i n  c o n s t a n t *  F r o m  t h e  r e a s o n s  g i v e n  i n  
s e c t i o n  4 . 1 . 1  i t  w i l l  b e  a p p a r e n t  t h a t  t h e  o v e r a l l  
c o e f f i c i e n t  w i l l  v a r y  a l o n g  t h e  l e n g t h  o f  a  g a s  i m m e r s i o n  
t u b e .  I t  w i l l  a l s o  b e  a p p a r e n t  t h a t  t h e r e  w i l l  b e  a
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c h a n g e  i n  s p e c i f i c  h e a t  o f  t h e  g a s ,  b e c a u s e  o f  t h e  c h a n g e  i n  
i t s  c o m p o s i t i o n ,  a n d  i t s  w i d e  t e m p e r a t u r e  v a r i a t i o n .
f u r t h e r m o r e ,  t h e  a b o v e  e q u a t i o n  i s  n o t  c a p a b l e  o f  
c o p i n g  w i t h  a  s i t u a t i o n  w h e r e  h e a t  i s  g e n e r a t e d  w i t h i n  o n e  
o f  t h e  f l u i d s  ( a s  i n  a  f l a m e ) ,  a n d  t h e r e f o r e  i f  t h i s  
e q u a t i o n  i s  t o  b e  u s e d ,  a  s i m p l i f y i n g  a s s u m p t i o n  m u s t  b e  
m a d e  a s  i n  t h e  w o r k  o f  P a t r i c k  a n d  ^ h o r n t o n .  T h e y  a s s u m e d  
t h a t  c o m p l e ^ t e  m i x i n g  a n d  c o m b u s t i o n  o f  a i r  a n d  g a s  
o c c u r r e d  a t  t h e  i n l e t  t o  t h e  t u b e ,  a n d  u s e d  t h e  i n l e t  
t e m p e r a t u r e  c a l c u l a t e d  o n  t h i s  b a s i s .  T h i s  c l e a r l y  g i v e s  
a  h i g h e r  t e m p e r a t u r e  d i f f e r e n t i a l  o v e r  m o s t  o f  t h a t  p a r t  
o f  t h e  t u b e  w h i c h  s u r r o u n d s  t h e  f l a m e ,  t h a n  w o u l d  b e  
o b t a i n e d  f r o m  t h e  a c t u a l  m e a n  b u l k  t e m p e r a t u r e *  T h u s  t h e  
s i m p l i f i c a t i o n  i f  u s e d  f o r  o a l c u l a t i o n  o f  c o n v e c t i v e  h e a t  
t r a n s f e r ,  w o u l d  g i v e  a  h i g h e r  v a l u e  i n  t h e  f i r s t  p a r t  o f  
t h e  t u b e  t h a n  w o u l d  a c t u a l l y  b e  t h e  c a s e ,  p a r t i c u l a r l y  
b e c a u s e  o f  t h e  a b n o r m a l  t e m p e r a t u r e  d i s t r i b u t i o n  t h e r e *
N e a r  t h e  e n d  o f  t h e  f l a m e ,  t h e  s i m p l i f i c a t i o n  w o u l d  g i v e  a  
l o w e r  t e m p e r a t u r e  d i f f e r e n t i a l  b e c a u s e  o f  t h e  g r e a t e r  
a m o u n t  o f  h e a t  a s s u m e d  t o  b e  t r a n s f e r r e d  i n  t h e  f i r s t  p a r t ,  
a n d  t h e  c a l c u l a t e d  l o g  m e a n  t e m p e r a t u r e  d i f f e r e n c e  w i l l  
a p p r o a c h  t h e  a c t u a l  e f f e c t i v e  d i f f e r e n c e . .
I t  c a n  b e  s e e n  t h a t  t h e  d i f f i c u l t y  o f  f i n d i n g  t h e  
a c t u a l  e f f e c t i v e  t e m p e r a t u r e  d i f f e r e n c e  l i e s  i n  t h a t  p a r t  • 
o f  t h e  t u b e  w h i o h  s u r r o u n d s  t h e  f l a m e ,  a n d  i s  c o m p l i c a t e d  
b y  a b n o r m a l  t e m p e r a t u r e  d i s t r i b u t i o n  t h e r e ®  A  g r a p h i c a l
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m e t h o d ' m i g h t  h e  f o u n d  u s i n g  m e a n  h u l k  t e m p e r a t u r e s ,
t h o u g h  i t  i s  n o t  k n o w n  h o w  i m p o r t a n t  t h e s e  a r e  i n  t h e  f l a m e
r e g i o n #
4 # 2 *  H e a t  T r a n s f e r  b y  R a d i a t i o n
R a d i a t i o n  h e a t  t r a n s f e r  f r o m  a  l u m i n o u s  f l a m e  o a n  
b e  d i v i d e d  i n t o  t h r e e  s e p a r a t e  m e c h a n i s m s s -  
1 #  T h e r m a l  r a d i a t i o n  f r o m  t h e  g a s  m o l e c u l e s ?
2 *  C h e m i l u m i n e s c e n t  r a d i a t i o n ?  a n d
3 .  L u m i n o u s  r a d i a t i o n ,  w h i c h  i s  t h a t  f r o m  i n c a n d e s c e n t
c a r b o n  p a r t i c l e s  f o r m e d  i n  t h e  f l a m e  a s  a  r e s u l t  o f
t h e r m a l  d e c o m p o s i t i o n  o f  h y d r o c a r b o n s .  T h e  l a t t e r  d o e s
n o t  n o r m a l l y  o c c u r  i n  p r e - a e r a t e d  f l a m e s *
T h e  v i s i b l e  l u m i n o s i t y  o f  a  f l a m e  i s  n o t  n e c e s s a r i l y
a n  i n d i c a t i o n  o f  t h e  a m o u n t  o f  h e a t  r a d i a t i o n ,  b e c a u s e
a b o u t  9 9 * 6 %  i s  e m i t t e d  o u t s i d e  t h e  v i s i b l e  r e g i o n  i n  t h e
21 22
c a s e  o f  n  o n - l u m i n o u s  f l a m e s  ? * L u m i n o u s  f  l a m e s
22
r a d i a t e  s o m e w h a t  m o r e  i n  t h e  v i s i b l e  r e g i o n  »
4 * 2 * 1 *  T h e r m a l  R a d i a t i o n  f r o m  G a s  M o l e c u l e s
G a s  m o l e c u l e s  w h i c h  a r e  n o n - s y m m e t r i c a l  a b o u t  a  
b o n d  a  r e  k n o w n  t o  b e  c a p a b l e  o f  a b s o r b i n g  a n d  e m i t t i n g  
r a d i a n t  h e a t *  O f  t h e s e  g a s e s ,  t h e  m o s t  i m p o r t a n t  e r n e s  
i n  c o m b u s t i o n  p r o c e s s e s  a r e  H g O ,  O O g  a n d  0 0 *  I f  t h e  
c o m p o s i t i o n  a n d  t e m p e r a t u r e  o f  a  m i x t u r e  o f  t h e s e  g a s e s  
i s  k n o w n ,  t h e  e r n i s s i v i t y  a n d  h e n c e  t h e  h e a t  r a d i a t i o n  
c a n  b e  c a l c u l a t e d  f r o m  p u b l i s h e d  c h a r t s *  T h e  m o s t  
r e l i a b l e  d a t a  i s  t h a t  f o r  O O 2  a n d  H g O ,  a n d  t h e  i n c l u s i o n
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o f  0 0  m a k e s  c a l c u l a t i o n  d i f f i c u l t .
I n  a  f l a m e ,  t h e  v a r i a t i o n  i n  t h e  c o m p o s i t i o n  c o m p l i ­
c a t e s  t h e  c a l c u l a t i o n  o f  t h i s  t y p e  o f  r a d i a t i o n .  B e y o n d  
t h e  f l a m e ,  t h e  c o m p o s i t i o n  i s  c o n s t a n t ,  a n d  a s  0 0 ^  a n d  
H ^ O  a r e  t h e  o n l y  r a d i a t i n g  g a s e s  p r e s e n t ,  t h e  c a l c u l a t i o n  
d o e s  n o t  p r e s e n t  a n y  d i f f i c u l t i e s  p r o v i d i n g  t h e  e f f e c t i v e  
t e m p e r a t u r e  i s  k n o w n .
A  f u r t h e r  d i f f i c u l t y  l i e s  w i t h  t h e  t e m p e r a t u r e  o f  
t h e  g a s *  I n  a  w a t e r  c o o l e d  f l a m e  t u b e ,  t h e r e  i s  a  l a r g e  
t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  g a s  a t  t h e  c e n t r e  o f  
t h e  t u b e  a n d  t h a t  n e a r  t h e  w a l l s .  T h e  u s e  o f  t h e  m e a n  
b u l k  t e m p e r a t u r e  i s  a n  a p p r o x i m a t i o n  ( b e c a u s e  r a d i a t i o n  
v a r  i e  s  a s  t h e  f o u r t h  p o w e r  o f  t h e  a b s o l u t e  t e m p e r a t u r e  
a t  c o n s t a n t  e m i s s i v i t y ) ,  a n d  a t  p r e s e n t  t h e r e  a p p e a r s  t o
b e  n o  m e t h o d  o f  d e a l i n g  w i t h  s u c h  a  s i t u a t i o n  i n  e n g i n -
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e e r i n g  c a l c u l a t i o n s  * A l l o w a n c e  f o r  v a r i a t i o n  i n  
e m i s s i v i t y  w i t h  t e m p e r a t u r e  w o u l d  a l s o  h a v e  t o  b e  m a d e  i n  
s u c h  a  m e t h o d .  H o w e v e r ,  t h e r e  a r e  m e t h o d s  c f  m e a s u r e m e n t  
w h i o h  g i v e  a  m e a n  r a d i a t i o n  t e m p e r a t u r e  a c r o s s  a  m a s s  o f  
g a s  ( s e e  s e c t i o n  4 . 4 ) ,  b u t  t h e s e  d o  n o t  o v e r c o m e  t h e  
d i f f i c u l t y  o f  f i n d i n g  t h e  r a d i a t i o n  h e a t  t r a n s f e r  f r o m  a  
n o n - u n i f o r m l y  r a d i a t i n g  m a s s  o f  g a s  t o  a n  e n c l o s i n g  t u b e  
( s e e  s e c t i o n  4 . 2 . 4 + ) .
4 . 2 . 2 *  G h e m i l u m i n e s o e n t  R a d i a t i o n
M a n y  r a p i d  c h e m i c a l  r e a c t i o n s  l e a d  t o  t h e  f  o r m a t i .  o n  
o f  m o l e c u l e s  i n  a n  e l e c t r o n i c a l l y  e x c i t e d  s t a t e .  S u c h
m o l e c u l e s  e m i t  a  f a r  l a r g e r  a m o u n t  o f  r a d i a n t  e n e r g y
t h a n  w o u l d  b e  e x p e c t e d  f r o n  p u r e l y  t h e r m a l  e m i s s i o n ,  a n d
21 22
t h i s  p h e n o m e n o n  i s  u s u a l l y  k n o w n  a s  c h e m i l u m i n e s c e n c e ,  9 
T h a t  c h e m i l u m i n e s c e n c e  a c c o u n t s  f o r  m o s t  o f  t h e  
r a d i a t i o n  i n  c a r b o n  m o n o x i d e - a i r  e x p l o s i o n s ,  h a s  b e e n
2 3
d e m o n s t r a t e d  q u a n t i t a t i v e l y  b y  L e a h ,  G o d r i c h ,  a n d  J a c k ,  ,
( a n d  q u a l i t a t i v e l y  b y  o t h e r s ,  u s i n g  b o t h  f l a m e s  a n d
? A
e x p l o s i o n s ) .  L e w i s  a n d  v o n  E l b e  f o u n d  i n  t h e i r  
e x p e r i m e n t s  o n  p r e m i x e d  h y d r o g e n  a n d  c o a l  g a s  f l a m e s ,  
t h a t  f l a m e  t e m p e r a t u r e s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h e o r ­
e t i c a l  t e m p e r a t u r e s  w e r e  r e c o r d e d  u s i n g  t h e  s o d i u m  l i n e  
r e v e r s a l  m e t h o d .  T h i s  s u g g e s t s  t h a t  i n  t h e s e  t y p e s  o f  
f l a m e s ,  c h e m i l u m i n e s c e n c e  m a y  b e  p l a y i n g  a  s i g n i f i c a n t  
p a r t  i n  t h e  r a d i a t i o n  p r o c e s s .
N o t  e n o u g h  i s  k n o w n  a b o u t  t h i s  t y p e  o f  r a d i a t i o n  a t  
p r e s e n t  t o  e n a b l e  a n  e s t i m a t e  o f  i t  t o  b e  m a d e ®
4 . 2 . 3 .  L u m i n o u s  R a d i a t  i o n
L u m i n o u s  r a d i a t i o n  i s  d u e  t o  i n c a n d e s c e n t  c a r b o n  
p a r t i c l e s  w h i c h  h a v e  b e e n  f o r m e d  a s  a  r e s u l t  o f  t h e  t h e r m a l  
d e c o m p o s i t i o n  o f  h y d r o c a r b o n s .
T h e  f o r m a t i o n  o f ,  a n d  r a d i a t i o n  f r o m ,  t h e  c a r b o n
pp n r
p a r t i c l e  i s  d e s c r i b e d  b y  G a y d o n  a n d  W o l f h a r d  ,  M c A d a m s  ,
25 26
T h r i n g  a n d  C o m e r f o r d  ,  # 1 0  s h o w  t h a t  n o t  e n o u g h  i s
k n o w n  t o  e n a b l e  p r e d i c t i o n s  t o  b e  m a d e .
T h e  f o r m a t i o n  o f  c a r b o n  d e p e n d s  u p o n  t h e  t  y p e  o f
h y d r o c a r b o n ,  t h e  f l a m e  t e m p e r a t u r e ,  t h e  r a t e  o f  m i x i n g  o f
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a i r  a n d  f u e l  ( w h i c h  i s  d e t e r m i n e d  t o  s o m e  e x t e n t  b y .  t h e  
t u r b u l e n c e  o f  t h e  f l a m e ) ,  t h e  e x c e s s  a i r ,  t h e  p r e s e n c e  o f  
i n e r t  g a s e s ,  t h e  s i z e  o f  t h e  f l a m e ,  a n d  o t h e r  f a c t o r s .
U n l i k e  t h e  p r e v i o u s l y  d e s c r i b e d  t y p e s  o f  r a d i a t i o n ,  
l u m i n o u s  r a d i a t i o n  i s  c o n t i n u o u s .  C a l c u l a t i o n  o f
e m i s s i v i t y  f r o m  p a r t i c l e  s i z e  a n d  c o n c e n t r a t i o n  i s  c o m p l i ­
c a t e d ,  b e c o u s e  t h e  p a r t i c l e s  a r e  s o  f i n e  ( c o n s i d e r a b l y  l e s s  
t h a n  1  m i c r o n ) ,  t h a t  t h e y  a r e  s u b s t a n t i a l l y  t r a n s p a r e n t  t o  
r a d i a t i o n  o f  t h e  i m p o r t a n t  w a v e l e n g t h s .
4 . 2 . 4  C a l c u l a t i o n  o f  R a d i a n t  H e a t  T r a n s f e r .
T h e  r a d i a n t  h e a t  t r a n s f e r  b e t w e e n  t w o  c o n c e n t r i c  
t u b e s  i s  g i v e n  b y
Q =  0 - .  ( T . J 4  -  T  4 ) . E a . E e .
F o r  c o n c e n t r i c  t u b e s  t h e  a n g l e  f a c t o r  ( F a )  -  1  a n d
t h e  f a c t o r  w h i c h  m a k e s  a l l o w a n c e  f o r  d e v i a t i o n  f r o m
b l a c k n e s s  ( F e )  i s  g i v e n  b y  : -  F e  -   —
% + A 2  %  ^
w h e r e  s u f f i x e s  1  a n d  2  r e f e r  t o  i n s i d e  a n d  o u t s i d e  t u b e s
r e s p e c t i v e l y .
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X n  t h e  p r o o f  o f  t h i s  r e l a t i o n s h i p  , i t  c a n  b e  s e e n
t h a t  t h e  t e r m  d i  i n  t h e  f a c t o r  F e  o c c u r s  b e c o u s e  t h e
2
e n c l o s i n g  t u b e  c a n  s e e  p a r t  o f  i t s e l f ,  a n d  i t s  r a d i a t i o n
d o e s  n o t  f a l l  o n  a n  i n t e r v e n i n g  m e d i u m .  T h u s  i n  t h e  e a s e
Ai
o f  a  g a s  I m m e r s i o n  t u b e ,  t h e  r a t i o  w i l l  b e  l e s s  t h a n  
u n i t y  i n  t h e  f i r s t  p a r t  o f  t h e  t u b e  w h e r e  t h e  r a d i a t i n g  
g a s e s  a r e  s u r r o u n d e d  b y  a i r .  H o w e v e r ,  a  k n o w l e d g e  o f
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t h i s  r a t i o  i s  n o t  o f  g r e a t  i m p o r t a n c e ,  b e c a u s e  i f  t h e  
e x p e c t e d  c o n d i t i o n s  i n  t h e  i m m e r s i o n  t u b e  a r e  s u b s t i t u t e d ,
A ^
i t  w i l l  b e  f o u n d  t h a t  t h e  t e r m  1 (*rt-  -  1 . )  i s  s m a l l ?  a n d
3CJ 2
m a y  b e  n e g 3 . e c t e d  w i t h o u t  u n d u e  e r r o r *  T h e  e m i s s i v i t y  
o f  o x i d i s e d  s t e e l  a t  5 0 0 ° C  i s  a b o u t  0 « 9 5  ( w h e t h e r  i t  i s  
c o v e r e d  b y  a  l a y e r  o f  s o o t  o r  n o t ) ,  ( T h r i n g 2 ^ ) .  T h u s  e v e n  
w h e n  A^ =  A 9 , t h e  t e r m  N  ( S ,  -  i )  =  0 * 0 5 3 *  T h e  a v e r a g e
h  e 2
f l a m e  o r .  g a s  e m i s s i v i t y  w i l l  b e  i n  t h e  r e g i o n  o f  0 * 0 7
R A
( S a l e h  ) ,  a n d  h e n c e  = 1 4 *  T h e r e f o r e  i f  i t  i s  a s s u m e d
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t h a t  t h e  t u b e  i s  b l a c k ,  a n d ; -
Q =  A 1 B 1 « ' ( I , 4  -  T 2 4 ) ■
t h e  e r r o r  i n  t h e  c a l c u l a t e d  h e a t  t r a n s f e r  w i l l  o n l y  b e  
a b o u t  4% o
A s  t h e  t u b e  w a l l  i s  a t  a  m u c h  l o w e r  t e m p e r a t u r e  t h a n  
t h a t  o f  t h e  g a s e s ,  w e  c a n  w r i t e s -  
Q ^ <*/" A^ E^ Tvj
T h e  e m i s s i v i t y  o f  a  r a d i a t i n g  g a s  i s  g i v e n  b y s -
E  =  E q  ( 1 . - e  ” k p l ) = E q  ( 1  -  e  " X ) J 
w h e r e  k  =  a  c o n s t a n t w h i c h  d e p e n d s  c n  t h e  r a d i a t i n g  
c h a r a c t e r i s t i c s  o f  p a r t i c l e s  o r  m o l e c u l e s  i n  t h e  g a s ,  
p  c o n c e n t r a t i o n  o f  r a d i a t i n g  p a r t i c l e s  c r  m o l e c u l e s ,  .
1  =  l e n g t h  o f  t h e  r a d i a t i n g  b e a m  ( i . e .  m e a n  b e a m  l e n g t h ) ,  
E Q - •  e m i s s i v i t y  o f  a n  I n f i n i t e l y  t h i c k  l a y e r  o f  t h e  
r a d i a t i n g  g a s *  W h e n  E  i s  s m a l l ,  t h e n  x  i s  s m a l l *
-3-1 - .....................
2 5 4
N o w  e " *  =  1  -  x  +  2 -  -  5 1  +  £ .   ..........................
2 1  S I  4 1
T h e r e f o r e  w h e n  x  i s  s m a l l , =  i  -  x  a n d  h e n c e  E a o x .
T h i s  a p p l i e s  t o  t h e  i m m e r s i o n  t u b e ,  a n d  h e n c e  i t  m a y  h e  
s a l e ,  t h a t  E c c p l .  F o r  a  g i v e n  m a s s  o f  r a d i a t i n g  g a s  
c o n t a i n e d  i n  a  v e s s e l  o f  v a r y i n g  s i z e ,  h u t  f i x e d  p r o p o r t i o n s
3 i
p c o  7  a n d  t h e r e f o r e  E o c  *-—«—=«. 9 T h e  a r e a  o f  t h e  v e s s e l
1  B 1 2
i s  p r o p o r t i o n a l  t o  3 /  a n d  t h e r e f o r e  t h e  p r o d u c t  A E  i s  p r o ~
2 i
p o  r t i o n a l  t o  1  x  . - A ?  ~  a  c o n s t a n t  . T h u s  i n  t h e  c a s e  o f  
l e w  e m i s s i v i t y ,  o n e  m a y  c a l c u l a t e  t h e  e m i s s i v i t y  o n  t h e  
a s s u m p t i o n  t h a t  t h e  r a d i a t i n g  g a s e s  f i l l  t h e  t u b e ,  a n d  
■ u s e  ■ " t h e  t u b e  a r e a  i n  t h e  c a l c u l a t i o n  o f  h e a t  t r a n s f e r .
T h i s  c a n  b e  p u t  i n  a n o t h e r  w a y .  I f  t h e  e m i s s i v i t y  
> f  a  g a s  i s  l o w ,  t h e n  i t  i s  s u b s t a n t i a l l y  t r a n s p a r e n t  t o  
r a d i a t i o n .  T h i s  m e a n s  t h a t  t h e  r a d i a t i o n  f r o m  a  m o l e c u l e  
c a n  l e a v e  t h e  g a s  v o l u m e  a l m o s t  w i t h o u t  h i n d r a n c e .
T h e r e f o r e  t h e  e m i s s i o n  o f  r a d i a t i o n  f r o m  a  g i v e n  n u m b e r  o f  
m o l e c u l e s  a t  a  g i v e n  t e m p e r a t u r e  i s  a l m o s t  i n d e p e n d e n t  o f  
t h e i r  c o n c e n t r a t i o n .
T h e  u s e  o f  t h e  e m i s s i v i t y  a n d  m e a n  r a d i a t i n g  t e m p e r a t u r e  
a t  a  p o i n t  a l o n g  t h e  h e a t i n g  t u b e ,  f o r  c a l c u l a t i o n  o f  
r a d i a n t  h e a t  t r a n s f e r ,  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  
v a r i a t i o n  o f  t e m p e r a t u r e  a n d  e m i s s i v i t y  a l o n g  t h e  t u b e .  
H o w e v e r ,  t h i s  i s  t o  s o m e  e x t e n t  s e l f  c o m p e n s a t i n g ,  a s  t h e  
h i g h e r  r a d i a t i o n  r a t e  f r o m  t h e  h o t t e r  s i d e  o f  t h e  p o i n t  
u n d e r  c o n s i d e r a t i o n ,  w i l l  t e n d  t o  c a n c e l  t h e  e f f e c t  o f  
l o w e r  r a d i a t i o n  f r o m  t h e  c o l d e r  s i d e .
4 * 5 .  M e a s u r e m e n t  o  f  R a d i a n t  H e a t  T r a n s f e r
I f  a  n a r r o w  a n g l e  r a d i a t i o n  p y r o m e t e r  i s  s i g h t e d  
t h r o u g h  t h e  r a d i a t i n g  g a s e s  o n  t o  a  c o l d  n o n - r e f l e c t i n g  
s u r f a c e  o n  t h e  o p p o s i t e  s i d e  o f  t h e  t u b e ,  t h e n  t h e  r a d i a t i o n  
r a t e  m e a s u r e d  i s  e q u a l  t o  t h a t  f a l l i n g  0 1 1  t h e  t u b e  f r o m  
a l l  d i r e c t i o n s  * ^ h i s  a s s u m e s  t h a t  t h e  t e m p e r a t u r e  a n d
e m i s s i v i t y  v a r i a t i o n  a l o n g  t h e  t u b e  i s  s e l f  c o m p e n s a t i n g ,  
t h a t  t h e  e m i s s i v i t y  i s  l o w  ( i 0 e *  i n  t h e  r e g i o n  o f  0 * 1 ,  a s  
i n  t h i s  r e s e a r c h ) ,  t h a t  t h e  m e a n  b e a m  l e n g t h  i s  e q u a l  t o  
t h e  d i a m e t e r  ( w h i c h  i s  s o  f o r  l o w  v a l u e s  o f  p i  a s  i n  t h i s  
c a s e ) ,  a n d  t h a t  t h e  t u b e  i s  a  b l a c k  b o d y  ( w h i o h  h a s  a l r e a d y  
b e e n  j u s t i f i e d ) *
T h i s  w a s  t h e  m e t h o d  u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  r a d i a n t  
h e a t  t r a n s f e r  i n  t h i s  r e s e a r c h *
A  d i f f i c u l t y  e n c o u n t e r e d  w i t h  t h i s  m e t h o d  w a s  t h a t  
b e c a u s e  o f  b u o y a n c y  e f f e c t s ,  t h e  f l a m e  t  e n d e d  t o  r i s e  
t o  t h e  u p p e r  p a r t  o f  t h e  t u b e *  I t  w a s  i m p o r t a n t  
t h e r e f o r e  t o  s i g h t  t h e  r a d i a t i o n  p y r o m e t e r  t h r o u g h  t h e  a x i s  
o f  t h e  f l a m e  a n d  n o t  j u s t  t h r o u g h  t h e  a x i s  o f  t h e  t u b e *
T h e  o n l y  c e r t a i n  w a y  o f .  o b t a i n i n g  a  r  e a . d i n g  t h r o u g h  t h e  
f l a m e  a x i s ,  i s  b y  t a k i n g  i t  w i t h  t h e  s i g h t i n g  h o l e s  i n  
t h e  v e r t i c a l  p o s i t i o n *  I d e a l l y  i t  w o u l d  b e  b e s t  t o  t a k e  
a  n u m b e r  o f  r e a d i n g s  a t  d i f f e r e n t  a n g l e s  t h r o u g h  t h e  f l a m e  
a x i s  a n d  a v e r a g i n g ,  b u t  t h i s  i n v o l v e s  l o c a t i n g  t h e  a x i s  
w h i c h  w o u l d  t a k e  t o o  m u o h  t i m e ?  a n d  h a v i n g  a  s i g h t i n g  h o l e  
o f  r a t h e r  a  c o m p l e x  n a t u r e *
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A n o t h e r  m e t h o d  f o r  m e a s u r i n g  t h e  r a d i a t i o n  h e a t
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t r a n s f e r  i s  d e s c r i b e d  b y  H u b b a r d  a n d  P e n g e l l y  ,  u s i n g  
t w o  h e a t  f l o w  m e t e r s  i n s t a l l e d  s o  t h a t  t h e y  a r e  f l u s h  
w i t h  t h e  w a l l  o f  t h e  f u r n a c e  * T h e  m e t e r s  e i t h e r  h a v e  
d i f f e r e n t  s u r f a c e  t e m p e r a t u r e s  o r  d i f f e r e n t  e m i s s i v i t i e s ,  
a n d  t h e  r a d i a t i o n  a n d  c o n v e c t i o n  h e a t  t r a n s f e r  c a n  b e  
c a l c u l a t e d  s  o p a r a t e l y «
A  s o m e w h a t  s i m i l a r  m e t h o d  t o  t h i s  w a s  a t t e m p t e d  b u t  
a b a n d o n e d  ( s e e  s e c t i o n  6 * 1 * ) «
T h e  m e t h o d s  j u s t  d e s c r i b e d  d o  n d  m a k e  i t  p o s s i b l e  t o  
s e p a r a t e  t h e  e f f e c t s  o n  r a d i a t i o n ,  o f  t e m p e r a t u r e  a n d  
e m i s s i v i t y  o f  t h e  g a s ,  w h i c h  c a n  o n l y  b e  d o n e  i f  t e m p e r a t u r e  
i s  m e a s u r e d ,
4 , 4 -  G a s  T e m p e r a t u r e  M e a s u r e m e n t
T w o  m e t h o d s  w e r e  a t t e m p t e d ,  a n d  t h e  t h e o r y  o f  b o t h  
w i l l  b e  b r i e f l y  d e s c r i b e d  h e r e *
T h e  f i r s t  i s  a  m o d i f i e d  m e t h o d  o f  t h a t  u s e d  b y  
S o h m i d t  o I f  a  t o t a l  r a d i a t i o n  p y r o m e t e r  i s  s i g h t e d  o n  
a  b l a c k  b o d y  f u r n a c e  t h r o u g h  a  f l a m e ,  t h e n  i f  t h e  f u r n a c e  
i s  a t  t h e  m e a n  r a d i a t i n g  t e m p e r a t u r e  o f  t h e  f l a m e ,  t h e  
p r e s e n c e  o f  t h e  f l a m e  w o u l d  m a k e  n o  d i f f e r e n c e  t o  t h e  
p y r o m e t e r  r e a d i n g ,  b e c a u s e  a t  t h a t  t e m p e r a t u r e  t h e  f l a m e  
a b s o r p t i o n  a n d  e m i s s i o n  a r e  e q u a l  0 I f  t h e  f u r n a c e  
t e m p e r a t u r e  w e r e  b e l o w  o r  a b o v e  t h a t  o f  t h e  f l a m e ,  t h e  
p y r o m e t e r  r e a d i n g  w o u l d  b e  h i g h e r  o r  l o w e r  r e s p e c t i v e l y  
t h a n  t h a t  o b t a i n e d  w h e n  t h e  p y r o m e t e r  i s  s i g h t e d  o n  t h e
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f u r n a c e  a l o n e .  I n  t h i s  m e t h o d ,  t h e  f u . r n a c e  t e m p e r a t u r e  
i s  a d j u s t e d ' u n t i l  t h e  r e q u i r e d  p o i n t  i s  . r e a c h e d *  A l t e r ­
n a t i v e l y  t w o  r e a d i n g s  c a n  b e  t a k e n ,  o n e  a b o v e  a n d o n e  b e l o w  
t h e  e s t i m a t e d  f l a m e  t e m p e r a t u r e ,  a n d  t h e  a c t u a l  v a l u e  
o b t a i n e d  b y  i n t e r p o l a t i o n #
T h e  s e c o n d  m e t h o d  o f  t e m p e r a t u r e  m e a s u r e m e n t  w h i c h  
w a s  a t t e m p t e d  m a k e s  u s e  o f  a  s u c t i o n  p y r o m e t e r #  I f  a  
h o t  g a s  i s  e n c l o s e d  b y  a  c o o l e r  c o n t a i n e r ,  t h e n  a  s o l i d  
b o d y  p l a c e d  i n  i t  w o u l d  a t t a i n  a  t e m p e r a t u r e  s o m e w h e r e  
b e t w e e n  t h a t  o f  t h e  g a s  a n d  t h e  w a l l *  T h i s  i s  d u e  t o  t h e  
s i m u l t a n e o u s  c o n v e c t i o n  h e a t  t r a n s f e r  f r o m  t h e  g a s ,  a n d  
r a d i a n t  h e a t  t r a n s f e r  t o  t h e  c o o l e r  w a l l s  o f  t h e  c o n t a i n ­
e r .  T h u s  a n  o r d i n a r y  t h e r m o c o u p l e  w o u l d  n o t  b e  a  
s a t i s f a c t o r y  t e m p e r a t u r e  m e a s u r i n g  d e v i c e #  H o w e v e r ,  i t  
c o u l d  b e  u s e d  i f  t h e  c o n v e c t i o n  h e a t  t r a n s f e r  t o  i t  w e r e  
i n c r e a s e d  s o  t h a t  t h e  r a d i a t i o n  t r a n s f e r  b e c o m e s  n e g l i g i ­
b l e .  T h i s  i s  t h e  u n d e r l y i n g  p r i n c i p l e  o f  t h e  s u c t i o n  
p y r o m e t e r .  T h e  t h e r m o c o u p l e  i s  e n c l o s e d  I n  a  t u b e  
t h r o u g h  w h i c h  t h e  g a s  i s  s u c k e d  a t  a  h i g h  v e l o c i t y *
H o w e v e r ,  a t  h i g h  t e m p e r a t u r e s  c o r r e c t i o n s  m u s t  s t i l l  b e  
a p p l i e d ,  p a r t i c u l a r l y  w i t h  t h e  s  i m p l e r  t y p e s  o f  p y r o ­
m e t e r  a s  u s e d  i n  t h i s  r e s e a r c h #  A  m e t h o d  o f  c a l i b r a t i n g  
s u c t i o n  p y r o m e t e r s  b y  e x p e r i m e n t  i s  d e s c r i b e d  b y  l a n d  
a n d  B a r b e r 2 ^ .
A  d i s a d v a n t a g e  o f  u s i n g  a  s u c t i o n  p y r o m e t e r  i n  a  f l a m e  
i s  t h a t  i t  i n t e r f e r e s  w i t h  t h e  c o m b u s t i o n  o f  t h e  g a s  a t  
t h e  p o i n t  a t  w h i c h  m e a s u r e m e n t  i s  b e i n g  m a d e .
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I t  s h o u l d  h e  no-bod t h a t  a  s  bhojc'o -i.** «*. 'fceTnpex-ature
v a r i a t i o n  a c r o s s  t h e  h e a t i n g  t u b e ,  a  t r a v e r s e  s h o u l d  b e
m a d e  i n  t h e  s t a n d a r d  w a y  t o  o b t a i n  a  m e a n  t e m p e r a t u r e *
T h e  m e a n  t e m p e r a t u r e  a c r o s s  t h e  s e c t i o n  i s  n o t  e q u i v a l e n t
t o  t h e  m e a n  b u l k  t e m p e r a t u r e ,  b e c a u s e  a  v e l o c i t y  v a r i a t i o n  ..
i s  s u p e r i m p o s e d  o n  t h e  t e m p e r a t u r e  v a r i a t i o n ,  a n d  t h e  h o t t e r
g a s e s  w h i c h  a r e  i n  t h e  c e n t r e  o f  t h e  t u b e  a r e  m o v i n g
f a s t e r  t h a n  t h e  c o l d e r  . o n e s .  T h e r e f o r e  i n  o r d e r  t o
o b t a i n  t h e  m e a n  b u l k  t e m p e r a t u r e ,  ‘a  v e l o c i t y  t r a v e r s e  ‘
m u s t  a l s o  b e  m a d e *
T h e  m e a n  r a d i a t i o n  t e m p e r a t u r e  i s  t h e  f o u r t h  r o o t
i n d i v i d u a l
o f  t h e  m e a n  v a l u e  o f  t h e - f o u r t h  p o w e r  o f  t h e / t e m p e r a t u r e s .  
4 « 5 o  P r e s s u r e  D r o p
T h e  p r e s s u r e  d r o p  i n  a n  i m m e r s i o n  t u b e  i s  i m p o r t a n t  
b e c a u s e  i t  h a s  t o  b e  o v e r c o m e  b y  a  f l u e *
T h e  p r e s s u r e  a t  a n y  p o i n t  i n  a  h e a t i n g  t u b e  a b o v e  o r  
b e l o w  a t m o s p h e r i c ,  i s  a f f e c t e d  b y  t h e  f o l l o w i n g s -
l o  T h e  e n t r a n c e  l o s s ,  w h i c h  i s  u s u a l l y  t a k e n  a s  
0 . 5  v e l o c i t y  h e a d s ®
2 .  T h e  e n t r a n c e  g a i n  v f o i c h  o c c u r s  a s  a  r e s u l t  o f  t h e
f u e l  g a s  b e i n g  i n j e c t e d  i n t o  t h e  c e n t r e  o f  t h e  t u b e *
3 *  T h e  f r i c t i o n  l o s s  w h i c h  c a n "  u s u a l l y  b e  c a l c u l a t e d
b y  t h e  u s e  o f  f r i c t i o n  f a c t o r s *
4 *  T h e  p r e s s u r e  c h a n g e  c a u s e d  b y  t h e  c h a n g e  i n  
v o l u m e  ( i . e .  v e l o c i t y )  o f  t h e  g a s e s  a s  a  r e s u l t  o f ,  
a )  C o m b u s t i o n  a n d  t h e  r e s u l t i n g  i  n c r e a s e  i n
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t e m p e r a t u r e  , a n d  b )  t h e  f a l l  i n  t e m p e r a t u r e  d u e  t o  h e a t  
t r a n s f e r ,
a i r  e n t r a i n m e n t  i n  g a s  b u r n e r s  h a s  b e e n  s t u d i e d  b y
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v o n  E l b e  a n d  G r u m e r  .  T h e  t h e o r y  a l s o  a p p l i e s  t o  g a s  
i m m e r s i o n  t u b e s ,  a n d  i t  c a n  b e  s e e n  t h a t : -
A p . J i t i l l i  u t >a ? *
a » x * k  a  • 3,
w h e r e  t h e  s u f f i x e s  b  a n d  t  r e f e r  t o  t h e  b u r n e r  ( o r  j e t )  
a n d  t h e  h e a t i n g  t u b e  r e s p e c t i v e l y .  F r o m  t h i s ,  t h e  p r e s s u r e
g a i n  ( p )  c a n  b e  c a l c u l a t e d .  H o w e v e r ,  b e f o r e  t h i s  c a n  b e
d o n e ,  t h e  v a l u e s  o f  i  m u s t  b e  k n o w n ,  w h i c h  r e p r e s e n t s  a
f a c t o r  w h i c h  a c c o u n t s  f o r  t h e  d i f f e r e n c e  i n  m o m e n t u m
b e t w e e n  a  g a s  s t r e a m  h a v i n g  c o n s t a n t  v e l o c i t y ,  a n d  o n e  i n
w h i c h  t h e  v e 3 . o c i t y  v a r i e s .  T h e  a c c u r a t e  k n o w l e d g e  o f
t h i s  f a c t o r  i s  p a r t i c u l a r l y  i m p o r t a n t  i n  t h e  p r e s e n t
r e s e a r c h  b e c o u s e  t h e  t w o  t e r m s  o n  t h e  R . H . S .  a r e  o f  t h e
s a m e  o r d e r ' o f  m a g n i t u d e ,  B e c o u s e  i n s u f f i c i e n t  i s  k n o w n
a b o u t  t h e  f a c t o r  i ,  t h e  c a l c u l a t i o n  o f  i n j e c t o r  e f f e c t
i s  n o t  p o s s i b l e  a t  t h i s  s t a g e .
T h e  p r e s s u r e  c h a n g e  c a u s e d  b y  t h e  c h a n g e  i n  v o l u m e  
d e s c r i b e d  a b o v e  w i l l  d e p e n d  o n  t h e  c o m b u s t i o n  a n d  h e a t  
t r a n s f e r  p r o c e s s e s ,  w h i c h  a t  t h i s  s t a g e  c a n  o n l y  b e  
c o r r e l a t e d  b y  a n  e m p i r i c a l  m e t h o d .
“ 3 6 -
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4 o 6 *  G a s  C o m b u s t i o n  P r o p e r t i e s
I n  o r d e r  t o  c a l c u l a t e  t h e  v a l u e s  o f  p r i m a r y  a n d  
s e c o n d a r y  a i r  c o r r e s p o n d i n g  t o  a  g i v e n  c o m b i n a t i o n  o f  
v a r i a b l e s ,  a n d  f o r  t h e  p u r p o s e  o f  c a l c u l a t i o n  o f  e f f i c i e n c e s ,  
t h e  g a s  c o m b u s t i o n  p r o p e r t i e s  m u s t  b e  k n o w n ,
T h e  d e t e r m i n a t i o n  o f  a l l  t h e  p  r o p e r t i e s  b e f o r e  e a c h  
e x p e r i m e n t  w o u l d  h a v e  b e e n  i m p r a c t i c a b l e ,  a n d  t h e r e f o r e  
t h e  m a n u f a c t u r e r s  w e r e  c o n s u l t e d *  T h e  i n f o r m a t i o n  
o b t a i n e d  i s  s h o w n  i n  A p p e n d i x  I  a n d  w a s  u s e d  f o r  t h i s  
r e  s  e a r  c  h e
FIG. 1. 2" DIA. TUBE 
(S ig h t in g  h o les  h o r iz o n ta l)
__ ______
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T h e  a p p a r a t u s  c o n s i s t  e d  o f  a  h o r i z o n t a l  w a t e r  j a c k e t e d  
t u b e  i n s i d e  w h i c h  t h e  t  o w n s  g a s  w a s  b u r n t .  I t  w a s  s o  
a r r a n g e d  t h a t  p r i m a r y  a n d  s e c o n d a r y  a i r  c o u l d  b e  m e t e r e d ,  
a n d  t h a t  t h e  b u r n e r  o r  j e t  c o u l d  e a s i l y  b e  c h a n g e d .  T w o  
t u b e s  w e r e  i n v e s t i g a t e d  ( 2 . 0 0 "  a n d  4 . 1 6 "  d i a m e t e r ) ,  a n d  
e a c h  t u b e  w a s  d i v i d e d  i n t o  s e p a r a t e  w a t e r  j a c k e t e d  s e c t i o n s ,  
s o  t h a t  t h e  h e a t  t r a n s f e r  t o  t h e  w a t e r  f l o w i n g  i n  e a c h  
s e c t i o n  c o u l d  b e  m e a s u r e d #  P h o t o g r a p h s  o f  t h e  a p p a r a t u s  
a r e  s h o w n  i n  F i g s  1  a n d  2  u s i n g  t h e  2 "  d i a ®  t u b e ,  a n d  
F i g s .  3  a n d  4  u s i n g  t h e  4 * 1 6 "  d i a .  t u b e .
5 « 1 »  T h e  H e a t i n g  T u b e s
A s  h a s  b e e n  s t a t e d  a b o v e ,  t h e  t u b e s  w e r e  d i v i d e d  i n t o  
s e p a r a t e  c a l o r i m e t e r s ®  T h i s  m s  n e c e s s a r y ,  t o  f a c i l i t a t e  
t h e  i n c l u s i o n  o f  t u b e  l e n g t h  a s  a  v a r i a b l e .  I n  a d d i t i o n ,  
a t  i n t e r v a l s  a l o n g  t h e  h e a t i n g  t u b e ,  s i g h t i n g  t u b e s  w e r e  
f i t t e d  i n  l i n e  a n d  r a d i a l l y  t h r o u g h  t h e  a n n u l a r  s p a c e  
f o r m e d  b y  t h e  w a t e r  j a c k e t ,  s o  t h a t  o b s e r v a t i o n s  c o u l d  b e  
m a d e  o n  a n d  t h r o u g h  t h e  f l a m e .  T h e  s e p a r a t e  c a l o r i m e t e r  
s e c t i o n s  w e r e  c a r e f u l l y  a l i g n e d  a n d  b o l t e d  t o g e t h e r ,  e n d  t o  
e n d ,  a n d  i n s u l a t e d  w i t h  f e l t e d  c a t t l e  h a i r ®
O n e  e n d  o f  t h e  t u b e  p a s s e d  t o  a  v e r t i c a l  f l u e  o f  t h e  
s a m e  d i a m e t e r ,  a n d  t h e  o t h e r  w a s  f  i t  t e d  t o  a  d r u m  v t i i c h  
o  a i m e d  t h e  s e c o n d a r y  a i r  w h i c h  h a d  b e e n  m e t e r e d .
5. A P P A R A T U S
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5 » . l « . l *  3 ! h e  2 U d i a ,  H e a t i n g  T u b e
^ b i s  t u b e  u s e d  t h e  s a m e  c a l o r i m e t e r  s e c t i o n s  a s  u s e d  
b y  S a l e h .  T h e s e  w e r e  e a c h  1  f t *  l o n g  a n d  h a d  t w o  s i g h t i n g  
t u b e s .  A  d r a w i n g  o f  o n e  o f  t h e s e  i s  s h o w n  i n  F i g *  5 .
T h e  f i r s t  f o o t  l e n g t h  o f  t h e  t u b e  w a s  d i v i d e d  i n t o  t h r e e  
c a l o r i m e t e r s ,  e a c h  4 "  l o n g  a n d  h a v i n g  a  s i g h t i n g  t u b e  i n  
i t s  c e n t r e ,  b u t  o t h e r w i s e  s i m i l a r  t o  t h e  1  f t *  u n i t s *
S e v e n  1  f t ,  s e c t i o n s  a n d  t h r e e  4 n s e c t i o n s  m a d e  u p  t h e  
c o m p l e t e  t u b e *  M e a s u r e m e n t  o f  t h e  t o t a l  l e n g t h  g a v e  a  
v a l u e  o f  8 . 0 5  f t * ,  w h i c h  w a s  d u e  t o  s m a l l  i n a c c u r a c i e s  i n  
t h e  c o n s t r u c t i o n  o f  t h e  c a l o r i m e t e r s .  T h e  l e n g t h s  
m e a s u r e d  a t  2  a n d  5  n o m i n a l  f e e t  f r o m  t h e  e n t r a n c e  w e r e  
f o u n d  t o  b e  2 . 0 4  a n d  5 . 0 5  f t .  r e s p e c t i v e l y *
B e c a u s e  t h e  w a t e r  i n l e t s  a n d  o u t l e t s ,  a n d  t h e  
s i g h t i n g  t u b e s  w e r e  n o t  i n  t h e  s a m e  p l a n e ,  t h e r e  w a s  a  
t e n d e n c y  f o r  t h e  w a t e r  j a c k e t  t o  p a r t l y  f i l l  w i t h  a i r  w h e n  
t h e  s i g h t i n g  h o l e s  w e r e  b e i n g  u s e d  ( i . e .  i n  t h e  v e r t i c a l  
p o s i t i o n ) *  I t  w a s  t h e r e f o r e  n e c e s s a r y  t o  s u p p o r t  t h e  
h e a t i n g  t u b e  s o  t h a t  i t  c o u l d  b e  r o t a t e d  6 0  d e g r e e s ,  t o  
a l l o w  a c c u m u l a t e d  a i r  t o  e s c a p e t h r o u g h  t h e  w a t e r  o u t l e t s .
5  * 1 « - 2 .  T h e  4 n d i a .  H e a t i n g  T u b e
T h i s  t u b e  w a s  m ade u p  o f  o n e  3  f t *  l o n g  c a l o r i m e t e r  
f o l l o w e d  b y  t w o  6  f t ,  l o n g  u n i t s *  A  d r a w i n g  o f  a  u n i t  i s  
s h o w n  i n  F i g .  6 *  I t  w a s  n o t  n e c e s s a r y  t o  s u s p e n d  t h e  
t u b e  s o  t h a t  i t  c o u l d  r o t a t e ,  b e c a u s e  i t  v e s  c o n s t r u c t e d  
s o  t h a t  t h e  w a t e r  i n l e t s  a n d  o u t l e t s ,  a n d  t h e  s i g h t i n g  t u b e s

w e i e  i n  t h e  s a m e  p l a n e *  M e a s u r e m e n t  o f  t h e  a s s e m b l e d  t u b e  
g a v e  v a l u e s  o f  3  f t . ,  9  f t .  a n d  1 5 # 0 4  f t .  a t  3 ?  9  a n d  1 5  
n o m i n a l  f e e t  f r o m  t h e  e n t r a n c e *
A n  8 n l o n g  c a l o r i m e t e r  m s  f  i t t e d  b e t w e e n  t h e  t u b e  
e n d  a n d  t h e  f l u e  t o  e l i m i n a t e  e n d  e f f e c t s .
5 . 2 .  T h e  W a t e r  S y s t e m
T h e  w a t e r  f o r  t h e  c a l o r i m e t e r s  m s  s u p p l i e d  f r o m  a  
c o n s t a n t  h e a d  t a n k ,  a n d  p a s s e d  t o  a  h o r i z o n t a l  l n B r i t i s h  
S t a n d a r d  p i p e  w h i c h  w a s  s u p p o r t e d  h o r i z o n t a l l y  a b o v e  t h e  
h e a t i n g  t u b e .  T h i s  p i p e  w a s  i n s u l a t e d ,  a n d  c o n t a i n e d  a  
t h e r m o m e t e r  a t  i t s  e n t r a n c e .  T h e  w a t e r  f o r  e a c h  
c a l o r i m e t e r  m s  d r a w n  f r o m  t h i s  p i p e  v i a  a  f l e x i b l e  t u b e  
a n d  a  v a l v e  w h i o h  r  e g u l a t e d  t h e  f l o w *  T h e  w a t e r  
l e a v i n g  e a c h  c a l o r i m e t e r  p a s s e d  o v e r  a  t  h e r m o m e t e r , , - a n d  
f r o m  t h a t  t o  a  g u t t e r  v i a  a n o t h e r  f l e x i b l e  t u b e .  A t  t h e  
g u t t e r ,  t h e  w a t e r  f l o w  t o  e a c h  c a l o r i m e t e r  c o u l d  b e  
o b t a i n e d  b y  m e a n s  o f  a  m e a s u r i n g  c y l i n d e r  a n d  s t o p  w a t c h .  
T h e  w a t e r  s y s t e m  i s ,  s h o w n  d i a g r a m a t i c a l l y  i n  F i g .  7 *
5 * 3 +  T h e  A i r  S y s t e m
T h i s  i s  s h o w n  d i a g r a m a t i c a l l y  i n  F i g *  7 .  P r i m a r y  
a n d  s e c o n d a r y  a i r  w a s  s u p p l i e d  b y  s e p a r a t e  b l o w e r s ,  w h i c h  
w e r e  c o n t r o l l e d  b y  v a r i a b l e  r e s i s t a n c e s  c o n n e c t e d  t o  t h e  
m a i n s  t h r o u g h  a  c o n s t a n t  v o l t a g e  t r a n s f o r m e r .  B o t h  a i r  
s t r e a m s  p a s s  t h r o u g h  B r i t i s h  S t a n d a r d  o r i f i c e  p l a t e s  ( w h i c h  
w e r e  c h e c k e d  b y  c a l i b r a t i o n  a t  t h e  R e s e a r c h  L a b o r a t o r i e s  
o f  N o r t h  T h a m e s  G a s  B o a r d ,  W a t s o n  H o u s e ) ,  f o l l o w e d  b y
- 4 0 -
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v a l v e s ,  T h e  o r i f i c e  m e t e r s  w e r e  s o  a r r a n g e d  t h a t  t h e  
p l a t e s c c u l d  e a s i l y  h e  c h a n g e d ,  w i t h  t h e  r e s u l t  t h a t  a  
l a r g e  f l o w  r a n g e  c o u l d  h e  m e a s u r e d *  T h e  p r e s s u r e  d i f ­
f e r e n t i a l  w a s  m e a s u r e d  b y  a  w a t e r  m a n o m e t e r .
T h e  p r i m a r y  a i r  t h e n  m i x e d  w i t h  t h e  g a s  s t r e a m  i n  a n  
e j e c t o r ,  a f t e r  h a v i n g  p a s s e d  t h r o u g h  a  n o n - r e t u r n  v a l v e .
T h e  s e c o n d a r y  a i r  d i v i d e d ,  a n d  e n t e i e d  a  c a l m i n g  
d r u m ,  s o  t h a t  t h e  s e c o n d a r y  a i r  e n t e r e d  t h e  h e a t i n g  t u b e  
i n  t h e  s a m e  s t a t e  a s  i t  w o u l d  i f  i t  w e r e  e n t r a i n e d  f r o m  
t h e  a t m o s p h e r e .
T h e  c a l m i n g  d r u m  w a s  t  h e  s a m e  o n e  a s  u s e d  b y  A s h t o n .
T h e  d r u m  w a s  2 2 n i n  d i a m e t e r  a n d  2 2 n l o n g ,  a n d  c o n t a i n e d  a  
b r a s s  1 0 0  m e s h  g a u z e  c y l i n d e r  1 8 u i n  d i a m e t e r  a n d  1 9 11 
l o n g  w h i o h  w a s  c l o s e d  a t  o n e  e n d .  T h e  o p e n  e n d  w a s  a t t a c h e d  
c o n c e n t r i c a l l y  t o  t h e  e n d  o f  t h e  d r u m  w h i c h  c a r r i e d  t h e
h e a t i n g  t u b e .  T h e  s e c o n d a r y  a i r  e n t e r e d  t h e  d r u m  a t  t w o
i n
o p p o s i t e  p o i n t s / t h e  c y l i n d r i c a l  s i d e ,  a n d  i m p i n g e d  o n  t w o  
b a f f l e s  o u t s i d e  t h e  g a u z e  c y l i n d e r .  T h e  a i r  t h e n f  l o w e d  
t h r o u g h  t h e  m e s h  w h i c h  h e l p e d  t o  e v e n  o u t  t  h e  f l o w .
T h e  b u r n e r ,  o n  t h e  t u b e  c a r r y i n g  t h e  j e t  w a s  f i t t e d  
a l o n g  t h e  a x i s  o f  t h e  d r u m .
5 . 4 p The Gas System
T h e  g a s  l e f t  t h e  m a i n  t h r o u g h  a  c o o k  a n d  a  p r e s s u r e  
g o v e r n o r ,  a n d  e n t e r e d  a  d r y  g a s  m e t e r  ( w h i c h  h a d  b e e n  
c a l i b r a t e d  i n  t h e  R e s e a r c h  L a b o r a t o r i e s  o f  N o r t h  T h a m e s  
G a s  B o a r d ,  W a t s o n  H o u s e ) .  F r o m  t h e r e  i t  p a s s e d  t o  a
- 4 1 -
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c o c k ,  a n  o r i f i c e  m e t e r ,  a n o t h e r  c o c k ,  f o l l o w e d  h y  a  n o n ­
r e t u r n  v a l v e *  T h e  g a s  t h e n  m i x e d  w i t h  p r i m a r y  a i r  ( i f  
u s e d )  i n  a n  e j e c t o r ®  T h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  
o r i f i c e  p l a t e  w a s  m e a s u r e d  w i t h  a n  i n c l i n e d  m a n o m e t e r ®
T h i s  o r i f i c e  m e t e r  w a s  o n l y  u s e d  a s  a  g u i d e ®  P r o v i s i o n  
w a s  a l s o  m a d e  f o r  m e a s u r e m e n t  o f  g a s  t ' e r r p e r a t u r e  a n d  
p r e s s u r e  b e f o r e  t h e  g a s  m e t e r .
T h e  m i x t u r e  o f  a i r  a n d  g a s  ( o r  g a s  a l o n e )  p a s s e d  
a l o n g  1 0  f t ®  o f  r u b b e r  h o s e  o f  t h e  s a m e  i n t e r n a l  d i a m e t e r  
a s  t h e  b u r n e r ,  t o  e n s u r e  c o m p l e t e  m i x i n g  o f  t h e  a i r  a n d  
g a s ,  a n d  t o  a l l o w  t h e  i n c r e a s e d  t u r b u l e n c e  i m p o s e d  i n  
t h e  e j e c t o r  t o  s e t t l e  d o w n .  T h e  g a s e s  t h e n  e n t e r e d  t h e  
b u r n e r  w h i c h  w a s  2  f t .  l o n g  a n d  p a s  s e d  c o n c e n t r i c  a l l y  
t h r o u g h  t h e  c a l m i n g  d r u m ,  t e r m i n a t i n g  1 "  i n  f r o n t  o f  t h e  
h e a t i n g  t u b e  ( i n  t h e  c a s e  o f  b o t h  2 . 0 0 "  a n d  4 • 1 6 "  t u b e s ) .  
T h e  a r r a n g e m e n t  w a s  s o  c o n s t r u c t e d ,  t h a t  t h e  b u r n e r  c o u l d  b e  
c h a n g e d  w i t h o u t  d i f f i c u l t y .  T h e  b u r n e r  w a s  c a r e f u l l y  
a l i g n e d  s o  t h a t  t h e  c o m b u s t i o n  g a s e s  e i r t e r d  a l o n g  t h e  a x i s ,  
o f  t h e  h e a t i n g  t u b e ®
F o r  n o n - a e  r a t e d  f l a m e s ,  a  B . S . P .  c a p  w a s  f i t t e d  t o  t h e  
e n d  o f  t h e  b u r n e r  t u b e .  T h e  e n d  o f  t h e  c a p  h a  d  a  
t h r e a d e d  h o l e  i n  i t s  c e n t r e  i n t o  w h i c h  t h e  r e q u i r e d  j e t  
c o u l d  b e  s c r e w e d .  A  p r e s s u r e  t a p p i n g  w a s  a l s o  f i t t e d  t o  
t h e  c a p .
T h e  g a s  s y s t e m - I s  s h o w n  d i a g r a m a t i c a l l y  i n  F i g ®  1 .
-42-

5 * 5 *  T h e  S u c t i o n  P y r o m e t e r
T h e  s u c t i o n  p y r o m e t e r  u s e d  f o r  m e a s u r i n g  g a s  
t e m p e r a t u r e s  i n  t h e  h e a t i n g  t u b e  i s  s h o w n  i n  P i g *  8 .
T h e  P l a t i n u m / 1 3 %  R h o d i u m - P l a t i n u m  t h e r m o c o u p l e  w a s  p r o ­
t e c t e d  b y  a n  a l u m i n a  s h e a t h .  T h e  s u c t i o n  p y r o m e t e r  s  h e a t h  
w a s  m a d e  o f  S i l i c o n  C a r b i d e  t u b i n g .  A l u m i n a ,  m u l l  i t  e  
a n d  s t a i n l e s s  s t e e l  w e r e  t r i e d ,  b u t  s o o n  d i s i n t e g r a t e d  
i n  t h e  f l a m e #  T h e  t h e r m o c o u p l e  w a s  a t t a c h e d  t o  a  t e r m i n a l  
b l o c k  c o n t a i n i n g  a  t h e r m o m e t e r  w h i c h  w a s  u s e d  f o r  m a k i n g  t h e  
c o l d  j u n c t i o n  c o r r e c t i o n .  T h e  E . M . P .  w a s  m e a s u r e d  b y  
i n b a n s  o f  a  p o t e n t i o m e t e r .  S u c t i o n  w a s  o b t a i n e d  v i a  r u b b e r  
p r e s s u r e  t u b i n g  a n d  a  w a t e r  t r a p ,  f r o m  a  r o t a r y  v a c u u m
p u m p .  T h e  p y r o m e t e r  w a s  e x p e r i m e n t a l l y  c a l i b r a t e d  b y
oq
t h e  m e t h o d  o f  L a n d  a n d  B a r b e r  ,  a n d  t h e  c a l i b r a t i o n  c u r v e  
i s  s h o w n  i n  P i g *  9 *
5 * 6 .  T h e  R a d i a t i o n  P y r o m e t e r
T h e  r a d i a t i o n  p y r o m e t e r  u s e d  f o r  m e a s u r i n g ,  r a d i a n t  
h e a t  t r a n s f e r  ( P i g .  1 0 )  c  o n s i s t s d  o f  a  w a t e r  j a c k e t e d  t u b e  
; w i t h  a  M o l l  t y p e  t h e r m o p i l e ,  h a v i n g  a  c a r b o n  b l a c k  
■ r e c e i v i n g  s u r f a c e  a n d  1 8  m a n g a n i n  -  c o n s t a n t a n  j u n c t i o n s ,  
f i t t e d  a t  o n e  e n d .  T h e  p y r o m e t e r  w a s  c a l i b r a t e d  b e f o r e  
a n d  a f t e r  t h e  e x p e r i m e n t a l  p r o g r a m m e ,  a n d  o n c e  h a l f  w a y  
t h r o u g h ,  u s i n g  a  s p h e r i c a l  b l a c k  b o d y  f u r n a c e  h a v i n g  a  
c a l c u l a t e d  e m i s s i v i t y  o f  0 . 9 9 5 ©  I t  w a s  a s s u m e d  t h a t  
t h e  s l o p e  o f  t h e  c a l i b r a t i o n  c u r v e  v a r i e d  l i n e a r l y  w i t h  
u s e  b e t w e e n  t h e  e x p e r i m e n t a l  c a l i b r a t i o n s ,  a n d  a
-43-

c a l i b r a t i o n  c u r v e  r e p r e s e n t i n g  a n  a v e r a g e  w a s  c a l c u l a t e d  
f o r  e a c h  o f  t h e  s e r i e s  o f  e x p e r i m e n t s  ( F i g *  1 1 ) *
5 o 7 «  M i s c e l l a n e o u s  A p p a r a t u s
A  b e l l  t y p e  g r a v i t o r a e t e r  w a s  u s e d  f o r  m e a s u r i n g  t h e  
d e n s i t y  o f  g a s  r e l a t i v e  t o  a i r 0
A  w h i r l i n g  h y g r o m e t e r  ( w e t  a n d  d r y  b u l b )  w a s  u s e d  
f o r  m e a s u r i n g  t h e  h u m i d i t y  o f  t h e  a i r *
T h e  a  i r  p r e s s u r e  w a s  m e a s u r e d  b y  m e a n s  o f  a  m e r c u r y  
b a r o m e t e r .
3 1
A n  A s c o t - C a s e l l a  m i c r o m a n o m e t e r  w a s  u s e d  f o r  
m e a s u r i n g  l o w  p r e s s u r e s  i n  t h e  h e a t i n g  t u b e  ( u p  t o  0 . 0 6 ” 
W . G # ) o  H i g h e r  p r e s s u r e s  w e r e  m e a s u r e d  b y  m e a n s  o f  a n  
i n c l i n e d  m a n o m e t e r *
p
A n  a e r a t i o n  T e s t  B u r n e r  ( m o d e l  B )  w a s  u s e d  f o r  
d e t e r m i n i n g  t h e  c o m b u s t i o n  c h a r a c t e r i s t i c s  o f  t h e  g a s  
( A . T . B o  n u m b e r ) .
T h e  c a r b o n  d i o x i d e  c  o n c e n t r a t i o n  i n  t h e  f l u e  g a s  w a s
3 3
m e a s u r e d  b y  m e a n s  o f  a  G o o d e r h a m  r a p i d  g a s  a n a l y s i s  
a p p a r a t u s .
T h e  t h e r m o m e t e r s  u s e d  f o r  c a l o r i m e t r y  h a d  a  r a n g e  o f  
0 - 5 0 ° C  d i v i d e d  i n t o  0 * 1 ° C .  T h e y  w e r e  c h e c k e d  w i t h  a  
s t a n d a r d  t h e r m o m e t e r  b e f o r e  u s e ,  a n d  a n y  i n a c c u r a t e  o n e s  
w e r e  * j e p ’t e S .
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6 * 1  * S e p a r a t i o n  o f  C o n v e c t i o n  a n d  R a d i a t i o n  H e a t  
T r a n s f e r  b y  U s e  o f  l x o l d ^ P l a t e 3 ~ t i a l o r i m e t e r *
A n  a t t e m p t  w a s  m a d e  t o  d e t e r m i n e  t h e  c o n v e c t i o n  h e a t  
t r a n s f e r  r a t e  a l  o n e ,  b y  u s i n g  a  c a l o r i m e t e r  w h i c h  r e f l e c ­
t e d  a l l  t h e  r a d i a n t  h e a t .  R a d i a t i o n  t r a n s f e r  c o u l d  t h e n  
b e  c a l c u l a t e d  b y  s u b t r a c t i n g  t h e  c o n v e c t i o n  f r o m  t h e  t o t a l .  
T h e  s u r f a c e  w i t h  t h e  h i g h e s t  r e f l e c t i v i t y  c o u p l e d  w i t h  
t h e  a b i l i t y  t o  w i t h s t a n d  c o r r o s i o n  f r o m  t h e  s u l p h u r  c o m ­
p o u n d s  i n  t h e  g a s ,  w a s  f o u n d  t o  b e  g o l d .  B e c a u s e  o f  t h e  
d a n g e r  o f  t h e  s u r f a c e  b e c o m i n g  d i r t y ,  i t  w a s  c o n s i d e r e d  
n e c e s s a r y  t h a t  t h e  h e a t  t r a n s f e r  s u r f a c e  s h o u l d  n o t  b e  i n
c o n t a c t  w i t h  t h e  h o t  g a s e s  f o r  l o n g e r  t h a n  3 0  s e c o n d s .
t h e
f u r t h e r m o r e ,  b e c a u s e  o f / p o s s i b i l i t y  o f  c o n d e n s a t i o n ,  t h e  
m r f a c e  s h o u l d  n o t  b e  i n t r o d u c e d  w h i l s t  c o l d .
T h e  a r r a n g e m e n t  f i n a l l y  u s e d  w a s  a n  i n s u l a t e d  c o p p e r  
r o d  w h i c h  c o u l d  b e  i n t r o d u c e d  i n t o  a  s i g h t  h o l e  s o  t h a t  
o n e  e n d  w a s  f l u s h  w i t h  t h e  i n s i d e  o f  t h e  t u b e .  T h e  
r e c e i v i n g  s u r f a c e  w a s  g o l d  p l a t e d  t o  a  t h i c k n e s s  o f  0 . 0 0 1 11,  
w h i c h  i s  a b o v e  t h e  m i n i m u m  o f  1 0 0 m  /v ?  ( G o o s ^ ) ,  a n d  
h i g h l y  p o l i s h e d *  T h e  r  o d  w a s  h e a t e d  t o  a  k n o w n  t e m p e r a t u r e  
b e f o r e  i n s e r t i o n  i n t o  t h e  s i g h t i n g  h o l e  f o r  a b o u t  3 0  s e c s .  
T h e  r o d  w a s  t h e n  r e m o v e d  a n d  p l a c e d  i n  a n  i n s u l a t e d  
v e s s e l ,  a n d  t h e  h e a t  g a i n e d  w a s  c a l c u l a t e d  f r o m  t h e  w a t e r  
e q u i v a l e n t  a n d  t e m p e r a t u r e  r i s e .  A  c o r r e c t i o n  f o r  h e a t  
l o s s  w a s  d e t e r m i n e d  b y  e x p e r i m e n t .
I t  w a s  f o u n d  t h a t  a  c h a n g e  o f  0 , 0 2 ,f i n  t h e  p o s i t i o n
6 P P R E L I M I N A R Y  W O R K
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of the rece iv ing surface a lte red  the heat transferred by 
about 60%, and fo r  th is  reason the scheme was abandoned# 
With th is  method, i t  is  p a r t ic u la r ly  important to  obtain 
an accurate reading because most of the heat is  transferred 
by convection, and the ra d ia tio n  transfe r is  obtained by 
difference® Accurate pos ition ing  of the re ce iv in g  surface 
would be very im portant, and readings would be affected by 
surrace ir re g u la r it ie s  in  the tube, in  the region of the 
s igh ting  hole* Also , because the gold surface is  smooth, 
and the tube is  rough, the f i lm  heat trans fe r co e ffic ie n ts  
would be s l ig h t ly  d iffe re n t#
The calorim eter was tested on the 2" diameter beating 
tube, which could be rotated* I t  is  of in te re s t to  note 
tha t in  the flame region, i t  was found th a t convection 
heat trans fe r was of the order of three times as fa s t a t 
the top of the tube than a t the side* At the bottom of 
the tube, heat tra n s fe r was not fa s t enough to enable an 
estimate to be made by th is  method*
6*2. Determ ination of Gas Emissiv i t y and Temperature 
Using a Black" Body Furnace#
The method of determining temperature by th is  method 
was described in  section 4*4* ^'his temperature, in  
conjunction w ith a ra d ia tio n  reading on the gases (or 
flame) backed by a cold non-re flec ting  surface, allows the 
gas em iss iv ity  to  be calculated.
This method was attempted, using a tubular black 
body furnace, the construction o f which was guided by
- 4 6 -
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the paper off Burton and Mayorcas^ * However# because of 
the low leve l of ra d ia tio n  from the gases compared w ith  
tha t of the black body furnace, coupled w ith  the fa c t th a t 
the emission and absorption of the gases approach one 
another when the furnace temperature approaches tha t of the 
gases, i t  was found that there was very l i t t l e  d iffe rence  
between the ra d ia tio n  reading on the furnace alone, and th a t 
w ith  the flame between*
I t  was considered th a t because of th is ,  the method 
was unsuitable fo r  th is  research, and tha t a be tte r value 
could be obtained by making a traverse w ith  a suction 
pyrometer*
6.3* Minimiim Water Flow Rate in  Calorimeter Sections
At low water flow  rates in  the calorim eter sections, 
the water f i lm  heat tra n s fe r c o e ffic ie n t may be low enough 
in  re la t io n  to  the gas f i lm  c o e ffic ie n t to  a ffe c t the 
ove ra ll heat tra n s fe r ra te .
Experiments were ca rried  out on both tubes to  f in d  
the v a ria tio n  o f ove ra ll heat tra n s fe r w ith  the water flow  
ra te . I t  was found th a t fo r  both heating tubes the heat 
tra n s fe r ra te  was not a ffected fo r  a l l  flow s down to  about 
10 CoC* per sec.
Care was taken to  ensure th a t the water flo w  rate 
was w ell above th is  in  each ca lo rim eter section fo r  a l l  
subsequent experiments*
-47-
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Each experiment took about s ix  hours to  perform, and 
therefore i t  was not possible to  complete more than.one 
per day®
The procedure fo r  each experiment was the same, and 
was as fo llo w s .
The appropriate burner tube (or je t )  and a ir  o r if ic e  
plates were f i t t e d ,  and a l l  manometers were set at* zero*
The water to  the calorim eters was turned on, fo llowed 
by the secondary a ir ,  followed by the gas which was then 
l i t ,  and followed by the prim ary a ir  ( i f  required)*
Gas and a ir  rates were then accurately adjusted to  the . 
required values, which were calculated from the gas data 
given in  Appendix I*  The required gas ra te was obtained 
by f i r s t  f in d in g  an approximate value using the gas o r if ic e  
meter, and then by tim ing  the cu* f t *  in d ica to r on the gas 
meter w ith  a stop watch and ad justing  u n t i l  the exact 
flow  rate was obtained*
The flu e  gas was then analysed fo r  COg as a check on 
the s e tt in g  up 0$. the apparatus*
The apparatus was given one and a h a lf hours to  s e tt le
down*
Measurements were then made of a ir  pressure, temperature 
and hum idity5 gas pressure, temperature, density and A0T„B* 
number*
Calorimeter water in le t  and ou tle t temperatures were
7 *  E X P E R I M E N T A L  P R O C E D U R E
then taken, and the water flow  ra tes obtained by means of 
a measuring cy linde r and stop watch. .
The pressure d ifference between the calming drum 
and three points along the tube length was measured 
using e ith e r an in c lin e d  manometer or an Ascot-Casella 
rnic roman ome t  er e
V e rtica l f iv e -p o in t traverses were then made w ith in  
the tube at a number of positions along i t s  length, 
using the suction pyrometer.
f in a l ly ,  readings were taken a t in te rva ls  along the 
tube w ith  the ra d ia tio n  pyrometer in  the v e r t ic a l p o s itio n , 
through the hot gases on to  a water cooled, non -re flec ting  
surface below..
flow  readings were checked a t ir re g u la r in te rva ls  
throughout each experiment.
- 4 9 -
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8.1 . A ir  and Gas Rates
Experiment No* 1 w i l l  be used to  i l lu s t r a te  the 
ca lcu la tion  of a ir  and gas rates# The leve ls  of the
variables are as fo llo w s ;-  ■
Excess a ir  = 20%? Primary a ir/gas ra tio . = 1*5?
Burner diameter = 0*578"? v e lo c ity  of gas mixture in  
burner « 10 f t . /s e c *
Area of cross section of burner = 0o001823 sq* f t *
Plow of mixture in  burner ( i.e *  primary a ir  and gas) =
10 k0o001823 x 3600 = 65©63 cu* f t . / h r *
Now primary a ir  ra te  = 1 .5  gas ra te  = 1,5 G 
Therefore 1.5G + G = 65*63
65*63
and gas ra te  = 2.5 = 26.25* cu • f t . / h r .
and primary a ir  ra te  = 65*63-26.25 = 39*38* c u . f t . /h r *
A ir  th e o re tic a lly  required = 26*25x4*30 = 112.88 c u . f t . / h r
(Appendix I )
20% excess = 112*88 x 0*2 = 22*58 ou0f t „ /h r *
Total — 135*46 c u . f t . /h r .
Primary a ir .  = 39*38 c u . f t . /h r .
Therefore secondary a ir  « 96.08 c u * f t0/h r*
For non-aerated flames the ca lcu la tio n  is  s im ila r,
but w ithout the primary a i r  ca lcu la tio n . C alculation of
secondary a ir  fo r  a given set of conditions could on ly  be
made a fte r  the gas ra te  had been measured, whereas fo r
aerated flames, th is  was done before.
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8.2. Total Heat Transfer and Efficiency..,
The to ta l heat transfer rate was calculated from 
the flow o f water through the calorimeter sections and the 
temperature r ise , E ffic ienc ies  fo r the three levels o f 
length were obtained by d iv id ing  the cumulative heat 
output o f the calorimeters by the heat input to the tube 
(0 .V. x gas ra te ) ,
8 .3 . Radiation Heat Transfe r and E ffic iency.
This heat transfer was obtained from the rad iation rate 
which was measured by the radiation pyrometer, • Graphs 
were p lo tted o f pyrometer output against tube length.
(The pyrometer output is  proportional to heat transfer per 
foot run.) The rad ia tion heat transfer fo r  the three 
leve ls o f length was obtained by graphical in tegra tion  
using a planimeter, the areas under the curve being d ire c tly  
proportional to the heat transfe r rate. Radiation 
e ffic ienc ies  were obtained by d ivid ing cumulative rad ia tion 
heat transfer rate by rate o f heat input to the tube
8.4. Qonvec ti on Ef f  i  c i ency.
Convection e ffic ienc ies  were obtained by subtracting 
rad ia tion from to ta l e ffic ienc ies .
Readings and calculated values are shown at the end
of th is  thesis, (tables I  A, I B ,  I I  A, I I  B, I I I  A,
I I I  B, IV A, IV B ). Experiment 40 was not used in  fu rth e r 
calculations becouse o f suspected incomplete combustion.
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9. RESULTS AND DISCUSSION.
9o1• Tota l Thermal E ffic iency
Applying the method of m u ltip le  regression ana lys is  
to  the experimental resu lts# i t  was f  ound tha t the t  o ta l 
thermal e ffic ie n c y  defined ass-
Tota l Heat Output 
fo Tota l Thermal E ffic ie n cy  = Heat Input x
oould he expressed in  regression equations i n  terms of
heat input# % excess a ir#  length and diameter only.
This is  demonstrated in  tab le  9a? which shows the re s u lts
of a pre lim inary analysis fo r  the 2” and 4*16” diameter
heating tubes, using the lo g /lo g  form of regression
equation (see below).
The a ir/g as  ra t io  and burner diameter in  the case
of pre-aerated flames^ and je t  diameter and px*essure
behind je t  in  the case of post aerated flames# have no
s ig n if ic a n t e ffe c t upon the to ta l  e ffic ie n cy  apart from
th e ir  e ffe c t on the heat in p u t. These f  indings are
in  agreement w ith  those of Ashton. I t  can be seen,
however, tba t m ixture v e lo c ity  (aerated f la  mes) is
retained a t the 10% p ro b a b ility  le v e l# but as the
corresponding term fo r  post-aerated flames (p) is  not
retained a t  the 10% le v e l, and as Ashton found tha t
mixture v e lo c ity  had no e ffe c t on the t  o ta l e ff ic ie n c y ,
the in d ica tio n  is  th a t the ve lo c ity  term may have been
r e t a i n e d  f o r t u i t o u s l y .
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The in te ra c tio n  between % exoese a ir  and length 
was an tic ipa ted  because of the unusual conditions a t 
entry (see section 4« l*lo )»
Three forms of regression equation were considered;
1, L inear/L inear; y = a o’i"al xl +a2x 2+
2® Log/logs Log y = bQ+b-^  Log x^+bg Log Xg+,
3# Linear/Logs y =•• oQ+o^ Log x-^+Cg Log Xg-h 
In  order to determine the most su itab le  form, and 
to  give an in d ica tio n  as to how the tube diameter is  
l ik e ly  to a ffe o t the to ta l e ff ic ie n c y  equation, the 
re su lts  fo r  each series were analysed in  each form, a 
re-ana lys is  of Ashton's resu lts  being also included* 
These are shown in  tab le  9b.
I t  can be s een tha t the lin e a r/lo g  form of equation 
d e f in ite ly  gives a b e tte r f i t ,  as i t  accounts fo r  a 
la rge r percentage of the to ta l  variance, and gives lower 
res idua l standard deviations in  eaoh o f the se rie s  o f 
experiments* A l l  fu r th e r regression equations were 
therefore calcu3.ated in  th is  form#
S ubstitu ting  ty p ic a l values in  the equations in  
tab le  9b, i t  was found that the e ff ic ie n c y  tended to  
increase w ith  increasing diameter fo r  a g iven set of 
values* I t  was also found th a t there was l i t t l e  
d ifference between the oaloulated e ffic ie n c ie s  fo r  
pre-aerated and post-aerated flames®
- 5 3 -
I t  w a s  d e c i d e d  t o  i n t r o d u c e  t h e  d i a m e t e r  i n t o  t h e
CA
4Ui5
oJ<u
r*
• •
• •• •
• •
o
+
• «
• *• •
• •• •
• • •
N
0 5
d
• •
Oo
oor
O00
ovO
>
o
2
LJ
o
II
L
y
8
o*
o
y
b
<
j
3O
J
<u
o
c o
Oof
l O
kV>
Q
b i
a
3
0 ) b i
<
u
5
t o
3
b
<
( 0 o
3 —  ■
2 a l
5
t t
o
>■
L l
u
2 >
L J
a
Z
o
y
I I
y
o
u y
y
Q y
y
b a
4 y
J
o b
u <
J j
< 3
u o
J
0
<
u
Z
—
$ >
o
I V
( A u
Z
X u
a 0
< y
a y
y
to ta l e ffic ie n c y  equation as Log D# and the re su lts  of 
the analyses fo r  2" and 4o l6 ” tubes# and Ashton’ s 
resu lts  fo r  a 3” tube combined are shown in  tab le  9c* 
The e ffe c t of om itting  the in te ra c tio n  between length 
and excess air# and a llow ing Log E only to  account fo r  
the e ffe c t of excess a ir  is  also shown.
Becauise of the s im ila r ity  between the equations 
fo r  pre-aerated and p ost-aerated flames# a l l  re s u lts  
(inc lud ing  Ashton’ s) were analysed together, and the 
re levant equations are shown in  tab le  9d.
From th is  ta b le , i t  can be seen tha t the standard 
deviations fo r  the combined equations l i e  between those 
values fo r  the equations when pre-aerated and post­
aerated flames are considered separately. This 
ind icates tha t the re la tionsh ips  fo r  the to ta l  heat 
trans fe r from the two types of flame must fo llo w  one 
another c lose ly . I f  the two relatonships had been 
appreciably d iffe re n t#  the standard deviations of the 
combined equations would have been fa r  greater than t  he 
values fo r  e ith e r of the separate equations.
Thus the f in a l  recommended equation fo r  to ta l 
e ffic ie n cy  fo r  both types of f  lame is : -  
(Equation 26)
o'] ^  72.77 +59-53 log  L -0.4865 L log E
-  5,683 log  E -45.51 log R +22,62 log  D
residua l s.d. = 4 *4
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of which the fo llo w ing  is  a simpler forms- 
(Equation 27)
Y| a 83.47 +67.99 log  L -9-540 log E 
-45.70 log  R +21.02 log D
res idua l s.d . = 4.5
The ranges over which the -variables were investigated 
to obtain the above equations is  shown in  ta b le  93. This 
also represents the range o f a p p lic a b il ity  o f the  above 
equations. C alcu la tion  has also shown th a t  the use of 
these equations fo r  long tube lengths together w ith  low 
heat inputs tend to be unsa tis fac to ry .
The ap p lica tio n  of the experimental re su lts  to  
equation 26 is  shown in  Figs. 12# 13 and 14* fo r  2%
3” (Ashton) and 4.16” diameter heating tubes respec­
t iv e ly .
The values fo r  the 4.16” diameter tube have a 
smaller sca tte r about th e  regression lin e  than those fo r  
the 2" diameter tube. This is  a ttr ib u te d  to the f  act 
tha t the la rg e r heating tube was divided in to  three 
calorimeters# whereas the smaller one was divided in to  
ten which has therefore a la rg e r number of measurement 
e rro rs .
For comparison purposes# equation 26 was applied 
to  the re su lts  of the survey of P a trick  and Thornton 
and is  shown in  F ig. 15. Their lo g /lo g  equation (which
-55-

was th e ir  best) applied to  th e ir  own re su lts  is  shown 
in  f ig .  16» I t  oan be seen th a t t  h e ir re su lts  tend to  
be higher than th a t predicted by equation 26, the c a l­
culated average being 5 u n its  percent high.
This d iffe rence may be due to  an inadequate .c+ /
correction  fo r  bends by P a trick  and Thornton who used f\/,[51-- 
tha t recommended by the American Gas Association (Section 
2). Correction fo r  bends was not required i n  the 
determ ination of equation 26, because experiments were 
made on a s tra ig h t p ipe. Considering the r  esuits of 
P a trick  and Thornton a t th e ir  mean value of leng th  
(11*1 f t . )  and excess a ir  (129.3%)* I t  can be calculated 
tha t to  increase the value of e ff ic ie n c y  in  equation 
26 by 5 u n its , the tube length would have to  be increased 
to  14.0 f t *  A co rrec tion  of 1.1 f t .  had already been 
added, and hence a correction  of 4.0 f t .  added to  the 
centre l in e  le n g th  would appear more s u ita b le .
I t  must be emphasized, th a t th is  ca lcu la tion  is  
based on the assumption tha t the d ifference found when 
comparing calculated values of P a trick  and Thornton usings 
equation 26, w ith  th e ir  corresponding measured values, 
is  due to  in s u f f ic ie n t allowance fo r  bends. fu r th e r­
more, the ca lcu la tio n  has not made allowance fo r  the 
fa c t th a t various types of bends and elbows were used, 
and also assumes th a t the co rrection  is  the same fo r  a l l  
tube diameters as assumed by the A.G.A. (contrary to
-56-
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accepted heat tra n s fe r p rac tice )* For these reasons, 
and because the variab les were s ometiroes outside the 
range of a p p lic a b il ity  of equation 26, i t  is  not recom­
mended th a t the co rrec tio n  of 4*0 ft® should be con­
sidered an improvement on the A*Gr*A* value at t  h is stage* 
Because of the b e tte r resu lts  obtained w ith  the 
lin e a r/lo g  form of equation in  th is  research, the 
resu lts  of the survey o f P a trick  and Thornton were re -  
analysed in  th is  form# This is  shown on tab le 9£? 
which also included th e ir  other equations f  or c omparison. 
I t  can be seen tha t there is  a s l ig h t  improvement, but 
even t  his only accounts fo r  23*2 % of the to ta l  variance* 
I t  is  probable th a t a la rge r percentage of the t o t a l  
variance could have been accounted fo r  in  the survey 
i f  a la rge r range of e ff ic ie n c ie s  had been investigated* 
This c le a r ly  was not possible, as the survey had to be 
carried  out w ithou t d is tu rb in g  p roduction*
There are s ome fundamental d ifferences between 
equations 26 and 27, and those of the survey®
That the heat input was not found to  be s ig n i f i ­
cant in  the survey has already been a ttr ib u te d  to  the 
fa c t tha t excess a ir  was not made an independent va riab le , 
but depended on heat input (section 2)«
The survey ind icates th a t e ffic ie n cy  decreases 
w ith  increasing diameter, whereas equations 26 and 27 
ind ica te  the opposite* I t  is  considered tha t th is  is
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due to  the effeot* whioh diameter has on excess a ir  when 
the la t te r  is  not independently con tro lled , a la rg e r 
diameter having a la rg e r flow  capacity fo r  the same 
pressure drop® This allows more a ir  to  he drawn through 
the tube, and the re s u lt in g  d ilu t io n  of the hot gases 
reduces the e ffic ie n c y .
I t  is  f e l t  th a t f lu e  height should have been included 
as a variab le  in  the survey equations, as there was a ten­
dency to use longer flu e s  fo r  the la rg e r diameters. This 
may have introduced a bias in to  the equations®
I f  excess a ir  is  taken as 20% (which is  the value 
used in  the AoG0A0 research), and i f  the mean log D 
(=0*4685) fo r  the present research is  assured ( th is  is  also 
approximately the median value fo r  the A„G0Aa research), 
then equation 27 can be re w ritten  in  the forms-
= 45.70 log  I,1, 4-88 + 61.2
R
In  th is  form i t  can be compared w ith  the A0GeA0 formulas-
= 20 log  T? + 71 
R
A graphical comparison between these two equations is  
shown in  fig® 17? which shows tha t on the whole, the A«G0A. 
equation tends to  give higher values of e ffic ie n cy .
9.2® Radiation E ffic ie n c y
The determ ination of ra d ia tio n  e ffic ie n cy  in  th is  
research, defined ass-
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Ra d ia ti on ^ heat output 
Rad lain, on e ff ic ie n c y  = To ta l heat inpu t ,
resu lted in  an estimate only (see secticns 4#2®4* and 4*3)
and therefore a de ta iled  analysis was not made* I t  was
decided to analyse the re s u lts  in  terms of the same
variables as were used f o r  equation 27? i t  being argued
tha t i f  th is  form was the most su itab le  fo r  t  o ta l
e ffic ie n cy , i t  would probably be sa tis fa c to ry  fo r
ra d ia tio n  e ffic ie n cy  also. Furthermore, comparison
would be fa c ilita te d ®
The regression equations are s hown in  ta b le  9g? and
apply to 2% 3n (Ashton), and 4.16” diameter tubes. Ihe
ra d ia tio n  values o f Ashton were reca lcu la ted using h is
readings fo r  v e r t ic a l positions of the s igh ting  tubes
only, ignoring h is other readings which were made through
the ax is  of the tube, and not through the axis of the
flame (see section 4*3 )• I  he reca lcu la ted  values are
shown in  appendix I I *
S ubstitu ting  ty p ic a l values in  equations 29 and 50
showed th a t there was l i t t l e  d ifference between aerated
and non-aerated flames, and therefore a combined
equation (31) was ca lcu la ted* Ih a t the residual
standard dev ia tion  of equation 31 l ie s  between those of
equations 29 and 30 is  a fu r th e r  in d ic a tio n  th a t aerated
and non-aerated flames tend t  o fo llo w  the same re la t^o n -
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ship over the range of variab les investigated (as in  
the case of to ta l e ff ic ie n c y ).
Thus the  higher em iss iv ity  and lower temperature of the 
non-aerated flam e, produces approximately the same 
ra d ia tio n  as the lower em iss iv ity  and higher temperature 
of the aerated flame#
Ashton found a considerable d ifference between 
aerated and non-aerated flames. This can be a ttr ib u te d  
to  h is  taking readings a t 3 angles through the axis of 
the tube and not through the axis of the flame, under 
which circumstances, the ra d ia tl on e ffic ie n cy  value 
would be affected by the buoyancy, momentum and turbulence 
of the flame. The e ffe c ts  of these would be d if fe re n t 
fo r  the  two types of flame.
As was expected, equation 31 shows an increase in  
ra d ia tio n  e ffic ie n cy  w ith  increasing leng th , which 
represents an increase of heat tra n s fe r area#
The e ffec ts  on ra d ia tio n  o f increasing excess a i r  
ares 1) Combustion products are cooled by d ilu t io n ,  
and reduoe the radiation# 2) Combustion is  more 
rap id , g iv ing a shorter and more intense flame, which 
tends to  burn a t a higher temperature, and radiates 
fa s te r as a re s u lt .  However, in  the case of a luminous 
flame, more intense combustion may reduce the free 
carbon in  the flam e and lower the em iss iv ity .
The combination of these fao to rs  re s u lts  in  a
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comparative ly  s l ig h t  lowering of r  a d ia tl on e ffic ie n c y  
w ith  increasing excess a ir .
Increasing the heat input a t constant excess a ir  
corresponds to  an increase o f gas v e lo c ity . Under these 
circumstances, the gases are present in  the tube fo r  a 
shorter tim e, and rad ia te  a smaller proportion o f th e i r  
to ta l heat content ( i . e .  the ra d ia tio n  e ffic ie n c y  
decreases),
Radiation e ff ic ie n c y  increases w ith increasing 
diameter, because th is  represents an increase in  the 
mean beam length , which corresponds to an increase in  
em iss iv ity . Furthermore, the gas v e lo c ity  is  reduced, 
and the gases remain in  the tube longer.
I t  must be remembered also th a t the ra d ia tio n  and 
co&vection e ffic ie n c ie s  are not independent of one 
another. Any fa c to rs  which a ffe c t the c,onvection 
e ffic ie n cy , w i l l  a lte r  the temperature of the gases and 
a ffe c t the ra d ia tio n  ra te  correspondingly, and v ice 
versa.
9.3+ Convection E ff i c i ency
The convection e ffic ie n cy  defined ass- 
Oonveotion e « le ic » „y .
was obtained by subtracting the estimated ra d ia ii on 
e ffic ie n cy  from the to ta l .  Therefore the convection 
e ffic ie n cy  is  a ls o  an estimate, and a deta iled analysis
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wag not attempted, A regression analysis was made in  
terms of t  he variables used in  equation 27# and the 
resu lts  are shown in  table 9g« Equations are shown 
fo r  aerated and non-aera ted flames and Include Ashton’ s 
recalculated re su lts  (Appendix I I )  separately (32, 33) 
and combined (34)o
Convection e ffic ie n c y  increases w ith  increasing 
length because th is  represents an increase in  heat 
tra n s fe r areaQ
Increasing excess a ir  a ffec ts  convection heat tra n s fe r 
as fo llow s?- l )  Combustion products are cooled by 
d ilu tion#  re s u lt in g  in  lower temperature d if fe re n tia ls  
which reduce the heat trans fe r ra te* 2) The v e lo c ity  
of the gases in  the tube is  increased# re s u lt in g  in
increased heat tra n s fe r co e ffic ie n ts  (h is  p roportiona l
0 8 0 33to  v 0 fo r  tu rbu len t flow  and v fo r  streamline .
f lo w ). However# the shorter contact time w i l l  tend to
allow  a sm aller proportion of the to ta l heat content o f
the gases to be transfe rred . 3) A more intense flame
is  produced. Because combustion is  c ompleted sooner,
the hot gases have more time to  tra n s fe r heat before
leading the tube, 4) The abnormal conditions at the
entrance to the tube w i l l  also be a ffec ted  by the excess
a ir  (see section 4o lo l*)«
The combination of these facto rs  re su lts  in  a
lowering of convection e ffic ie n cy  w ith increasing excess
- 6 2 -
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a ir ,  which is  a lso predicted by the th e o re tic a l analysis 
of P a trick  and Thornton.
The increase of heat inpu t at constant excess a ir  
corresponds to  an increase in  gas ve lo c ity  which a ffec ts  
the e ff ic ie n c y  as described in  2) above. The re s u lt i s  
a reduction in  convection e ffic ie n c y .
A l l  other things being equal, the gas v e lo c ity  is  
inverse ly  p roportiona l to  the square of the diameter.
I f  we consider conditions o f tu rbu len t flow  (section
4 o l* lo ) then i t  oan be said tha t Nu (v .D )^ 0^
1  1  ’ t ^  n~ an whob t i f taar t^0,8 , as h jjl.,8  « Under conditions of laminar flow  o 
h ot j  (ignoring  the e ffe c t of convection) and fo r  
tra n s it io n  flow  the e ffe o t of diameter would be in te r ­
mediate. Thus changing the diameter a t constant flow  
ra te  has a greater e ffe c t on the heat tra n s fe r coef­
f ic ie n t  than changing the v e lo c ity  a t constant diameter. 
Increasing the diameter w i l l  re s u lt in  a reduced heat 
trans fe r c o e ffic ie n t which w i l l  tend to reduce the 
convection e ffic ie n c y . The increased residence time 
w i l l  have the opposite e ffe c t. The resu lt ing e ffe c t 
is  a reduction in  convection e ffic ie n cy  w ith  increasing 
diameter. This is  also predicted by the t  heore tica l 
analysis of P a trick  and Thornton,
9»4o Pr egsure Loss
I t  was found th a t  there was a d is t in c t re la tionsh ip ' 
between the pressure loss in  the tube and the t  o ta l flow
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of a i r  and gas fo r  a given tube diameter (Figs® 18 and 
19 )* Results fo r  aerated and non-aerated flames wez'e 
found to  f  ollow nearly the same re la tio n sh ip , and a s l ig h t  
d ifference was apparent w ith  the 4*16n dia® tube only, 
the non-aerated flame tending to  g ive la rg e r pos itive  
and negative pressure drops® Excess a ir  did not appear 
to  a ffe c t the relationship®
At moderate to high flow  ra tes , i t  can be seen 
tha t f lu id  f r ic t io n  in  the tube is  of secondary importance. 
C alcu lation shows th a t f r ic t io n  fac to rs  are of the 
expected order of magnitude, in d ica tin g  th a t the presence 
of the flame cannot a ffe c t these facto rs  by more than a 
moderate amount*
At low flow  ra te s , the pressure loss becomes 
negative, showing th a t under these circumstances the 
in je c to r  e ffe c t of the burner is  the most important 
fa c to r* However, a t these flow  rates, the re la t iv e  
sca tte r of the points on the graph was high, and the 
exact pos ition  of the curves is  not ce rta in .
— 64*™
A lite ra tu re  survey has shown the need fo r  a 
labora to ry inve s tig a tio n  in to  the fa o to rs  a ffe c tin g  heat 
trans fe r from town gas flames to horizon ta l water 
jacketed tubes* I t  was found tha t least was known about 
the e ffe c t of tube diameter, and th a t th is  fa c to r should 
receive p rin c ip a l attention®
An apparatus was constructed consisting of a 
horizon ta l water jacketed tube divided in to  a number of 
separate sections, to enable the heat tra n s fe r to various 
lengths of tube to be determined* A gas burner was 
mounted a t one end of the tube whioh term inated in  a 
f lu e  a t the other. Arrangements were made so tha t 
primary and secondary a i r  oould be metered, and secon­
dary a ir  was introduced in to  the tube in  such a way tha t 
the flow  pattern  d id not d i f fe r  from tha t in  conditions 
of na tu ra l entrainment.
A consideration o f the theory showed th a t because 
of the complexity of the system, a fundamental approach 
was not p racticab le  a t th is  stage, and m u ltip le  
regression analysis was used as the method of em pirica l 
co rre la tio n .
The experimental work was concerned w ith  both 
aerated and non-aerated flames, and 2" and 4*16" diameter
ILQq S U W S P lR Y  A N D  C O N C L U S I O N S
tubes were studied® The variables studied were?
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Non-aerated Flames Aerated Flames
Burner je t  diameter Burner diameter
Pressure behind je t primary a ir/gas  ra t io
% Excess a ir Mixture v e lo c ity  in
burner
Tube length % Excess a ir
Tube diameter Tube length
Tube diameter
The variab les were arranged to  give a wide range 
of e ffio ie no ie s  and also so tb a t the resu lts  of a
1*5previous worker on a 31 dia® tube could be incorporated.
The to ta l  heat tra n s fe r rate was obtained from the 
flow  ra te  and temperature r is e  of the water in  the 
jackets. An estimate of the rad ian t heat trans fe r was 
made by means o f ra d ia t io n  pyrometer measurements*
Heat tra n s fe r by convection was obtained by d iffe rence.
(Pressure loss was also studied, and the re s u lts  
areshown in  f ig *  19•)
The m u ltip le  regression analysis showed tha t the 
overa ll heat trans fe r was dependent on heat inp u t, tube 
length, % excess a i r  and tube diameter only. L i t t le  
d ifference was found between aerated and non-aerated 
flames, and the re su lts  fo r  these two could be combined 
w ith  l i t t l e  s a c r if ic e  of accuracy.
T h e  r e c o m m e n d e d  e q u a t i o n s  f o r  % o v e r a l l  t h e r m a l
e ffic ie n cy  a re ;-  
-vj = 72*77 +59*53 log L -0.4865 L log  E 
-5 “683 log  E -45.51 log R 
+ 22*62 log  D. s.d. -  4.4
or w ith  a s lig h t s a c rif ic e  of accuracy;- 
« 83.47 +67*99 log L -9.540 log E
-45*70 log R +21o02 log D. s.d . = 4*5
Results fo r  aerated and non-aerated flames could 
also he combined in  the case of radiaiLon and convection, 
and the re levant equations ares- 
% Radiation e ffic ie n c y  = 18.72 +14.45 log L
-2.687 log  E -16.23 log R +46.30 log D
s.d . -  4*5.
% Convection e ff ic ie n c y  = 60.69 +51.59 log  L 
-  5©212 log E -26.91 log lit -29.04 log D
s.d . *— 6.5®
- 6 7 -
1 1 .  F U R T H E R  R E S E A R C H
To cover the range of diameters normally found in  
in d u s tr ia l gas immersion appliances# i t  is  suggested 
tha t experiments he made on a 6” diameter tube# and the 
resu lts  combined w ith  those fo r  2"# 3” # and 4ol6M 
diameter tubes.
I t  is  considered th a t the e ffe c t of V a rly in g th e  
c a lo r if ic  value and combustion cha rac te ris tics  should 
also be studied. I t  has been f  ound t  hat the e ffic ie n c y  
is  d ependent on heat inpu t (amongst other variab les)#  
and th a t conditions in  the burner# burner dimensions, 
and degree of aeration have no e ffe c t apart f  id  m th e ir  
e ffe c t on heat inpu t. This would ind ica te  tha t 
c a lo r i f ic  value and combustion cha rac te ris tics  would 
also have no independent e ffe c t. However# f ig .  17 
shows tha t there is  a d ifference between the re la tionsh ip  
obtained in  th is  research and that obtained by the A.G-.A. 
who used a gas having a c a lo r i f ic  value of 1120 B .t„u 0/cu . 
ft.
A more fundamental approach to  th is  subject would 
give a b e tte r p ic tu re  of the heat tra n s fe r mechanism.
As has been ind ica ted  in  section 4# such an approach 
would represent a formidable task. I t  is  suggested 
tha t such work should attempt to  d iv ide  the tube in to  
two parts , l )  th a t containing the flame# and 2) tha t 
containing only the burnt gases# because the heat
trans fe r mechanism is  probably d iffe re n t fo r  these two*
Careful a tten tion  should b e paid to  temperatures and th e ir  
meaning* Because of large temperature gradients, there is  
a s ig n if ic a n t d iffe rence between mean r  adiaii. on temperatures 
and mean temperatures, and the use of one temperature fo r  
both ra d ia tio n  and convection heat trans fe r is  unsa tis facto ry . 
For sa tis fa c to ry  rad ian t heat tra n s fe r study, the v a r ia t io n  
of both temperature and concentration of ra d ia tin g  gases 
across the tube section is  of importance (section 4+2).
Most e x is tin g  convection heat trans fe r equations are based 
on dimensional ana lys is , and apply to  moderate temperature 
d iffe rences. Care should be taken to allow f  or t  he 
large temperature gradients encountered in  gas immersion 
appliances, i f  c o rre la tio n  along the same lin e s  is  
attempted. I t  is  probable th a t the presence of the 
flame w i l l  have a considerable e ffe c t on convection heat 
tra n s fe r, and w i l l  require a. correction to  the Reynolds 
Number.
These problems are discussed in  greater d e ta il in  
section 4.1o
I t  is  fe l t ,  th a t the in le t  to the tube requires special 
study, because in  th is  pa rt, cold secondary a ir  i s  in  
contact w ith  the tube w a ll. As a re su lt of t  the tube 
length may not be the e ffe c tive  length fo r  heat transfer®
Further research is  required in  connection w ith  
pressure drop, as th is  must be known in  order tha t a flue 
height may be calculated to  give the req&ired excess a ir .
““69-
change (section 4®5) he studied separately. More precise
measurements would be desirab le . I t  is  doubtfu l whether
a fundamental approach is  possible u n t i l  the heat tra n s fe r
is  put on a fundamental basis,
Equations fo r  ca lcu la ting  flu e  height do not appear to
15be e n tire ly  sa tis fa c to ry  , and more work in  connection 
w ith  th is  is  ind icated.
As most gas immersion appliances include a t least one 
bend in  the tube# the e ffe c t of th is  on heat tra n s fe r is  
of importance in  design. Work in  connection w ith  th is  is  
at present being carried  out a t Battersea College of 
Technology*
—7  0 —
I t  i s  s u g g e s t e d  t h a t  t h e  t h r e e  c o m p o n e n t s  o f  p r e s s u r e
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APPENDIX I  
GAS COMBUSTION DATA
The gas used fo r  the research was supplied by North 
Thames Gas Board, London..
Average values fo r  combustion properties of North 
Thames Gas ava ilab le  in  October 1958 and used throughout 
th is  research are as fo llow ss-
Theoretical a ir  required/cu« ft#  gas = 4*30 c u . f t . ,
s.d* = OoO 5«
OOg produced/cu# f t .  gas = 0.478 cue ft#
Water vapour produced/cu. f t *  gas = 1*060 cu. f t .
These represent the values fo r  the three years ending 
March 31st, 1956, 1957 and 1958.
The c a lo r if ic  value was not r  equired fo r  ca lcu la tion  
u n t i l  la te r ,  and fu r th e r enquiry in  November 1959 produced 
the remaining ava ilab le  data which is  as fo llow s
The mean gross O.V. fo r  the board was quoted as 495
B .t .u . /c u • ft#  saturated gas at 30lt Hg«, and 60°F, w ith 
an estimated standard deviation of 5 B .t.u ./cuo  ft® The 
gas is  d is tr ib u te d  a t 50% to 65% sa tura tion  and therefore
the 0oVe may be taken as 500 B .t*,u ./cu . f t .
The fo llow ing  mean values were a lso given fo r  Fulham 
gas works (one of the nearest works) fo r  the th ree  years 
ending March 31st, 1957? 1958 and 1959?-
C a lo r if ic  Value ~ 496 B0t* u 0/s * c #f « (satura ted),
estimated s.d . = 5*
Theoretica l a ir  required/cu. ft® gas ~ 4 + 20 c u . f t . ,
estimated s.d® ~ 0*10.
C0Q produoed/cu. f t *  gas — 0o477 ciu f t * ,
^ * s.d. = 0*023*
Water vapour produoed/cu« ft® gas -• 0.477 cu* f t 6?
s.d® ==: 0.033*
I t  was stated tha t values fo r  any;ou-e wc^ks would 
not be fa r  from the average of the board*
The o f f ic ia l  average C.V. obtained by the M in is try  
of Fuel and Power fo r  the nearest gas works (Nine Elms, 
which probably supplied most of the gas used in  the 
research), over the period A p r il 1958 to.Maroh I960 was 
exactly 500 B .t .u ./c u . f t .  fo r  each year.
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A P P E N D I X  I I
A s h t o n ’s  r e c a l c u l a t e d  r a d i a t i o n  a n d  c o n v e c t i o n  e f f i c i e n c i e s .
Experiment
No
Radiation E ffic iency Convection 
E ffic ie n cy  L 6TL 2T L 4 ’ J D 6*
Aerated Flames
64 15 o 2 22.1 25.3 39.0 I
65 14.0 20.6 23.2 31.9
66 13.3 17.5 18.4 4-0.9
67 12 o 4 17.7 19 o 1 36.7
68 9.2 17.0 21.9 26.9
69 9.0 17.4 21.7 24.6
70 12 o £ 20 .0 23.8 29.1
71 14 • 3 22.1 25 .4 24 o 2
72 12.3 18.5 21.0 36.4
73 15.3 25.0 29.7 31.4
74 10 .8 16.9 19.7 35.6
75 10.1 17.3 20.5 31.9
76 15.7 20 .2 21.8 35.2
77 14-.8 17.7 18.0 43,1
78 17.7 23.0 24 • 9 29.9
79 13.3 18.0 19.2 44.6
80 10.1 13.6 13.9 49.9
81 9.9 13.7 14.8 39.7
82 11.9 18.8 22.0 4-1.5
83 8.7 15.0 17.2 43.5
Non-aerated Flames
84 24.6 34.4 39.8 9.7
85 13.3 24.7 31.2 22.9
86 18.6 24.5 29.4 44.9
87 19.8 26.7 32.1 29.0
88 16.6 24.0 28.3 23.0
89 12.6 25.5 34.6 22.6
90 12.2 19.2 23.6 25 .2
91 17.0 29.2 35.5 23.4
92 11.5 18.9 24 o 0 18.3
93 21.2 34.7 42.0 22 o 9
94 17.5 26.2 30.0 21.9
95 16.8 25.7 29.9 30.8
96 14.5 26.7 33.8 16.0
97 11.1 17 .'7 22.0 26.8
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